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THE EXTRACELLULAR POLYSACCHARIDE OF 
XANTHOMONAS PHASEOLI! 


S. M. LEsLEY AND R. M. HOcHSTER 


Abstract 


The extracellular polysaccharide produced by Xanthomonas phaseoli has been 
purified and shown to be homogeneous by examination in the analytical ultra- 
centrifuge, by moving boundary electrophoresis, and by gradient precipitation 
with ethanol. Following hydrolysis the constituent sugars of the polysaccharide 
were isolated and positively identified as the crystalline derivatives of D-glucose 
and of D-mannose and as the crystalline lactone of D-glucuronic acid. The above 
hexoses were found to be present in the relative proportions of 1:1:1. 

The results of a preliminary investigation in which C**-labelled glucose was 
supplied to rapidly growing cells indicate that it is unlikely that a single six-carbon 
precursor is formed from which all three sugar components of the polysaccharide 
are synthesized directly. 


Introduction 


A considerable body of detailed knowledge exists concerning both the 
structure and mode of synthesis of the extracellular homopolysaccharides 
produced by many bacteria (1, 2). While much is also known of the structure 
of many of the heteropolysaccharides (3, 4) the mechanism involved in the 
synthesis of these more complex materials (5, 6) is not at all understood, 
although the likelihood has been expressed that nucleotide-diphosphate—sugar 
complexes may be involved (7, 8, 9, 10). 

The extracellular polysaccharide produced by Xanthomonas phaseoli is a 
heteropolysaccharide which is produced by these cells in good yield when they 
are allowed to grow in a synthetic medium. The polysaccharide can be separated 
from the cells and recovered in a highly purified state by simple techniques. 
It was felt that this system offered a good opportunity to investigate the 
mechanism of synthesis of a complex heteropolysaccharide. The ultimate goal 
of this study is to determine the function of this particular polysaccharide in 
the invasive process, when X. phaseoli attacks its natural host, the common 
bean plant. 


Materials and Methods 


The strain of X. phaseoli and the method of culture used in this work were 
the same as those previously described (11). The synthetic mineral salt medium 


1Manuscript received December 2, 1958. 


Contribution No. 476 from the Bacteriology Division, Science Service, Canada Department 
of Agriculture, Ottawa, Ontario. 
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described by Starr (12) and modified to an increased buffer concentration of 
0.03 M phosphate was employed in part of this work. The generation time of 
the cells in this salt solution was about 10 hours and a more rapid multiplication 
was considered essential for most experiments. This time was reduced by the 
addition to the basic salt solution of a mixture of amino acids (Difco vitamin- 
free Casamino acids) to a final concentration of 0.5%. For convenience the new 
solution is referred to in the text as the enriched medium. Glucose was auto- 
claved separately and then added aseptically to each medium. All cultures were 
tested for strain purity by means of the specific phage test (13). 

Reducing sugars were estimated by Nelson’s colorimetric modification (14) 
of the micro-Somogyi method. Uronic acid was estimated by the carbazole — 
sulphuric acid method of Dische (15) while polysaccharide concentration was 
determined by the indole — sulphuric acid method (15), standardized against 
highly purified polysaccharide dried at 105° C for 2 hours. Total phosphorus 
was estimated by the method of Kuttner and Lichenstien as modified by 
Graham (16). The microanalysis for nitrogen was performed by the Clark 
Microanalytical Laboratory, Urbana, Illinois. 


For identification purposes descending paper chromatography was employed 
using Whatman No. 1 filter paper. Where material was to be eluted for further 
study, Schleicher and Schuell Orange Ribbon No. 589 acid-washed paper was 
used. The developing solvents were: (a) n-propanol — ethyl acetate — water 
(7:1:2), (0) n-butanol-— acetic acid- water (40:11:19), and (c) n-butanol -— 
pyridine — water (10:3:3). The apparatus described by Block, Durrum, and 
Zweig (17) was used for paper electrophoresis. The electrolyte was either 
0.02 M borate buffer at pH 9.2 or 0.05 M acetate buffer at pH 3.5. The potential 
difference was 40 v per cm at a current of 20 ma with carbon tetrachloride as 
the cooling agent. Chromatograms were sprayed with either silver nitrate 
(1% in acetone) followed by sodium hydroxide (2% in ethyl alcohol) (26) or 
with the o-amino biphenyl reagent described by Timell e¢ a/. (18). Other 
specific spray reagents, where used, are mentioned in the text. 


In growth experiments, the increase in cell numbers was followed by measure- 
ment of the optical density at 620 my with the Bausch and Lomb Spectronic 
“20” photocolorimeter using round cuvettes with a 1-cm light path. 


Polysaccharide was purified initially by way of the cetavlon (cetyl-trimethy]l- 
ammonium bromide) complex (19). To a solution containing the polysaccharide, 
cetavlon was added to a concentration of 0.04% and after 2 hours at 27°C, 
the precipitated polysaccharide—cetavlon complex was obtained by centrifuga- 
tion. The precipitate was washed twice with distilled water to remove excess 
cetavlon and water-soluble impurities. The polysaccharide—cetavlon complex 
was cleaved by dissolution in 1 M sodium chloride. The resulting solution was 
then diluted to a sodium chloride concentration of 0.25 M. Under these condi- 
tions nucleic acid impurities were precipitated. After two hours at room temper- 
ature, this precipitate was removed by centrifugation and the free poly- 
saccharide was precipitated with three volumes of 95% ethyl alcohol and 
washed with additional ethanol. 
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All solvents were removed in vacuo at 40°C by means of a rotary-film 
evaporator originally developed by Craig et al. (20). 

Glucose-C™, uniformly labelled, was obtained from the Radiochemical 
Centre, Amersham, England, and was used without further treatment. The 
crystalline lactone of mannuronic acid was obtained through the courtesy 
of Dr. D. L. Vincent, Atlantic Regional Laboratory, National Research 
Council, Halifax, Nova Scotia. Radioactive assays were carried out on 
“infinitely thin” solid samples using a gas-flow counting tube and a conven- 
tional scaler. 


Experimental Results 


Polysaccharide Production and Purification 


An orienting experiment was carried out to determine the phase of growth 
during which the greatest amount of polysaccharide synthesis occurred. In 
order that reliable estimates of the polysaccharide concentration might be 
obtained it was necessary that the initial cell concentration should be large 
enough for sufficient polysaccharide to be synthesized in the early minutes of 
the experiment. Logarithmic phase cells sedimented from a starter culture in 
the enriched medium were used in this experiment. The cells were washed twice 
with fresh medium in the centrifuge to remove all extracellular polysaccharide 
and were then resuspended in 500 ml of the same medium to give an optical 
density of 0.34. The culture was shaken rapidly at 27° C and the increase in 
cell numbers was measured. 

Fifty milliliter aliquots of the culture were removed at intervals and the 
cells centrifuged down at 6000 r.p.m. for 10 minutes. The polysaccharide was 
then obtained as the cetavlon complex, split with sodium chloride, precipitated 
and washed with ethyl alcohol, and the precipitate then dissolved in a 
known volume of distilled water in which the polysaccharide concentration was 
estimated. The results presented in Table I indicate that during the logarithmic 
growth phase the concentration of polysaccharide released into the medium 
increased at a logarithmic rate and after 1300 minutes no further polysaccharide 
was produced. 


TABLE I 


The synthesis of extracellular polysaccharide by a 
logarithmic phase culture of X. phaseoli 














Sample time Optical density Polysaccharide 
(minutes) (620 my) (ug per ml) 
0 0.340 0 
75 0.420 28 
140 0.475 37 
210 0.550 59 
260 0.630 78 
740 1.60* 427 
1370 2.33° 658 
1715 3.20* 672 
*M 


at appropriate dilution and calculated back to the original 
concentration, 
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Larger amounts of polysaccharide were formed in the synthetic as compared 
with the enriched medium, 2 mg/ml as compared to 0.67 mg/ml in the above 
experiment. This was undoubtedly due to the much longer incubation period 
required at the slower growth rate before the culture entered the stationary 
phase. Greater quantities of polysaccharide were, therefore, produced in the 
following manner. Twelve Fernbach flasks each containing 750 ml of synthetic 
medium were inoculated with 20 ml of a logarithmic phase culture in which 
the optical density was about 0.7. The cultures were removed after 3 days’ 
incubation when an estimate of the extracellular polysaccharide concentration 
indicated that a level of approximately 2 mg per ml had been reached and the 
cells were well into the stationary phase, as indicated by optical density mea- 
surements. 

For purification purposes, the cells were removed by centrifugation at 
14,000 r.p.m. (Servall, Model SS4, Continuous flow, rate 10 ml/min). The 
polysaccharide was recovered from the cell-free supernatant and partially 
purified by precipitation with cetavlon (see ‘‘Materials and Methods’). 

The precipitated polysaccharide was then dissolved in distilled water and 
protein removed by a series of Sevag (21) extractions. These were continued 
until no further trace of gel formation at the interface of the aqueous and 
chloroform layers took place. Residual traces of cetavlon were also removed 
during this step. Following the above treatment the polysaccharide was again 
precipitated with alcohol and redissolved in water to a concentration of about 
0.1% (w/v). This solution was clarified by centrifugation at 30,000 r.p.m. for 
2 hours in a Spinco Model L centrifuge. Finally, the supernatant was precipi- 
tated with 95% alcohol and dried by washing on a sintered glass filter funnel 
with absolute ethanol followed by acetone. The last traces of solvent were 
removed in vacuo at 40°C yielding a fluffy, white, slightly hygroscopic 
material. 


Homogeneity of the Polysaccharide 


The purified polysaccharide was examined for purity by the following 
techniques: 


Ultracentrifugation 


A portion of the dry material was dissolved in sodium phosphate buffer at 
pH 6 (0.075 M phosphate) to give two solutions in which the concentration of 
polysaccharide was 0.15% and 0.30% respectively, on a dry weight basis. 
Each solution was then subjected to high speed centrifugation in the analytical 
head of the Spinco Model E ultracentrifuge at 20°C. For convenience the 
result is presented (Fig. 1) as a photograph taken of the moving boundary of 
each solution on the same photographic plate. 

The lower part of Fig. 1 represents the sedimenting boundary of the 0.15% 
solution 42 minutes after attaining full speed of 59,780 r.p.m. Sedimentation is 
from left to right with the initial meniscus indicated. The upper part of Fig. 1 
represents the 0.3% solution after the same length of time. S29 was calculated 
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Fic. 1. Sedimentation diagrams of purified polysaccharide in 0.075 M phosphate buffer at 
pH 6. Concentration, 0.15% (lower diagram), 0.30% (upper diagram). Each photograph was 
taken 42 minutes after full speed (59,780 r.p.m.) was attained using a Spinco Model E Ultra- 
centrifuge. Sedimentation is from left to right. 
to be 11.1X10~'%. It is apparent from this result that the polysaccharide is 
homogeneous within the limits of sensitivity of the method. 


Free Electrophoresis 

The polysaccharide in solution at a concentration of 0.15% in either sodium 
borate buffer at pH 9.2 (0.03 M borate) or sodium phosphate at pH 7 (0.05 M 
phosphate) was next subjected to free electrophoresis in the Spinco Model H 
moving-boundary electrophoresis apparatus (1° C). Each polysaccharide solution 
was dialyzed for 48 hours against its respective buffer in order to gain full 
equilibration of the ionic concentrations prior to electrophoresis. 

Figure 2 is the diagram obtained after 134 (upper) and 208 (lower) minutes 
of migration of the polysaccharide in phosphate buffer in the descending limb 
of the apparatus. Figure 3 is the pattern seen after 279 minutes in borate buffer. 
Mobility of the polysaccharide was calculated to be 35X10-> cm?. sec. 
volt—! in phosphate and 13 X10-* cm*. sec—'. volt—! in borate buffer. The lower 
mobility in borate buffer is believed to result from the well-known ability of 
borate ions to form cross linkages between hydroxyl groups (22). 

The small leading peak shown in both figures is not considered to be an 
impurity but an artefact due to the high viscosity of the solution. There are 
two reasons for this interpretation. First, the appearance of the two peaks is 
identical in both phosphate and in borate buffers. This would certainly not be 
expected if the leading peak were due to another substance. Second, it is 
apparent from Fig. 2 that there is no change in the relationship of the two peaks 
during the 74 minutes which elapsed between photographs. 
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Gradient Precipitation 


A useful method, developed by Wilham e¢ al. (23), makes possible the detec- 
tion of the presence in a polysaccharide of two or more fractions depending on 
a difference in their relative solubility in ethyl alcohol. This method was 
applied to a neutral solution of the purified polysaccharide at a concentration 
of 1.95 mg per ml exactly as detailed by these investigators. The result is 
presented graphically in Fig. 4. Only one major peak is apparent and 94% of 
the polysaccharide was recovered in the precipitate occurring within the narrow 
range of 62-69 volumes % of ethanol. 


me 
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S 
T 





N 
| 
\ 
[ 





ETHANOL CONCENTRATION, PERCENT 
Fic. 4. Precipitation of the purified polysaccharide obtained from X. phaseoli with in- 
creasing concentrations of ethanol. 


Additional Observations 


The purified polysaccharide was also examined in the Beckman Model DU 
spectrophotometer and an extinction coefficient (units of optical density per 
milligram of polysaccharide per ml) of 40 was obtained at a wavelength of 
260 mz and of 30 at 280 mu. This result may be compared to that obtained 
with a partially purified preparation in which the coefficient was 166 at 260 mz 
and 117 at 280 mz. 

The purified polysaccharide at a concentration of 4.6 mg per ml was also 
examined in the polarimeter using a 1-decimeter cell. Although a clear field was 
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obtained there was no measurable rotation. It was impossible to obtain a 
reading at a higher concentration of polysaccharide due to the high viscosity of 
this material in solution. 

Finally, microanalysis of the polysaccharide showed the phosphorus content 
to be 0.075% and total nitrogen to be 0.3%, both on a dry weight basis. 


Component Sugars of the Polysaccharide 


As a result of preliminary experiments it was found that the most suitable 
conditions for hydrolysis of the purified polysaccharide involved heating at 
120° C for 4 hours at a polysaccharide concentration of about 3 mg per ml 
in 1 N sulphuric acid. The high temperature was obtained by autoclaving the 
hydrolysis mixture at a pressure of 15 lb per sq. in. This was the method of 
hydrolysis used throughout unless otherwise indicated. One hundred milli- 
grams of the purified polysaccharide was hydrolyzed in this manner and the 
hydrolyzate neutralized to a pH of about 6.8 with barium hydroxide. Barium 
sulphate was removed by centrifugation. A water wash of this precipitate was 
added to the supernatant, which was then concentrated in vacuo to a small 
volume at 40° C, Any barium remaining was removed with IR120 ion exchange 
resin (Rohm and Haas Co., Philadelphia) in the acid form (I1R120(H*)). 

An aliquot of the resultant solution was chromatographed in each of the 
three solvents (a), (b), and (c) and was subjected to paper electrophoresis with 
borate and with acetate buffer. The absence from the hydrolyzate of any 
phosphorylated sugar, amino sugar, or ketose was indicated by the negative 
reaction obtained when chromatograms were sprayed with the specific reagent 
of Hanes and Isherwood (24), 0.2% ninhydrin in water-saturated butanol, or 
the specific anthrone reagent (25) respectively. Similarly, after spraying of 
the chromatograms with the o-amino biphenyl] reagent, none of the spots gave 
the permanent rose color characteristic of pentose sugars. 

When the chromatograms were sprayed with the relatively nonspecific but 
very sensitive silver nitrate reagent (26) a maximum of five compounds having 
different R;'s (solvent (a) or electrophoresis in borate buffer at pH 9.2) was 
found. When the o-amino biphenyl spray was used, two of these gave the same 
reaction, a brilliant orange-red color changing rapidly to a deep purple on 
further heating, which is characteristic of hexuronic acids (18). Thus, it 
appeared probable that one of the uronic acids was present in the hydrolyzate 
in the form of the free acid and also as the lactone. Two of the remaining three 
compounds gave the nonspecific hexose color with the o-amino biphenyl reagent 
while the fifth spot appeared only as a faint tan color. By paper chromato- 
graphy in solvents (a), (b), and (c), with known sugars as markers, the two 
hexoses were tentatively identified as glucose and mannose. The double 
spot of the uronic acid and lactone moved in these solvents at the same rate as 
glucuronic acid and glucuronolactone respectively. The movement of the 
fifth compound did not correspond to any of the known sugars tested. 

By using large sheets of acid-washed paper and solvent system (a) it was 
possible to separate from the hydrolyzate a small amount of the unknown 
fifth compound. In order to obtain satisfactory separation it was necessary 
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to make five excursions with this solvent, drying the papers thoroughly 
between each excursion. Then, by cutting and spraying guide strips from 
the edges of the chromatograms, the area containing the unknown compound 
was located and was eluted by displacement with water in a humidified 
cabinet. This material was then submitted to a further 60-minute hydrolysis 
under the same conditions as before. The resulting hydrolyzate was chromato- 
graphed in solvent system (a). Upon spraying with silver nitrate four spots 
were found, moving at the same rate as mannose, glucuronic acid, its lactone, 
and the original unhydrolyzed material, respectively. It was therefore apparent 
that the fifth compound present in the first chromatograms was a disaccharide, 
an aldobiuronic acid, some of which are well known to be extremely resistant 
to acid hydrolysis. 


To ensure that the disaccharide was not an artefact produced by condensation 
of free sugars during the hydrolysis of the polysaccharide, the following control 
experiment was undertaken. A solution containing glucuronic acid, glucose, 
and mannose, each at a concentration of 3.3 mg per ml was subjected to the 
same hydrolysis procedure as was the purified polysaccharide (1 N sulphuric 
acid, 120° C). The resulting solution was chromatographed in solvent (a) and 
subjected to paper electrophoresis in both borate and acetate buffers. No trace 
could be detected of any compound other than the three components originally 
present in the solution. 


In order to provide unequivocal identification of the three components 
present in the polysaccharide it was necessary to obtain a sufficient amount 
of each so that crystalline derivatives could be made. Therefore, about 
6g (dry wt.) of the purified polysaccharide was hydrolyzed as described. The 
neutralized polysaccharide, after removal of barium sulphate, was concentrated 
in vacuo and then titrated electrometrically to pH 8. This solution (10 ml) was 
run into a column (40X2.3 cm?) of Dowex-1 resin in the acetate form as 
described by Khym and Doherty (27) for the separation of uronic acids. 
Elution was accomplished with 0.02 M acetic acid at a flow rate of 0.6 ml per 
minute and samples were taken with an automatic fraction collector set for 
12 ml fractions. Glucose and mannose were found in fractions 5 and 6, the 
aldobiuronic acid in fractions 60-92, and the uronic acid in fractions 106-150. 


p-Glucuronic Acid 


Each tube of the uronic acid fraction was tested for purity by paper electro- 
phoresis (borate buffer) and the contents of tubes 106-150 were combined and 
dried to a syrup im vacuo at 40°C. The glassy residue was found by paper 
electrophoresis to consist of about equal parts of free uronic acid and its lactone. 
Nearly complete conversion to the lactone occurred when this mixture was 
extracted with glacial acetic acid at 80° C. The extracted lactone was concen- 
trated to a thin syrup under a stream of nitrogen and this was left for 18 hours 
at 27°C. The crystalline material obtained had a melting point (m.p.) of 
165° C. Following recrystallization from ethyl acetate — acetic acid and drying 
for 18 hours at 70° C in vacuo, the m.p. was found to have risen to 177—178° C. 
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This was unchanged on admixture with an authentic sample of pD-glucurono- 
6—3-lactone (3). 
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Fic. 5. Absorption spectra of hexuronic acids treated with the sulphuric-thioglycolic acid 
reagent of Dische (15). Curve 1 = galacturonic acid, 2 = mannuronic acid, 3 = glucuronic 
acid, and 4 = hexuronic acid isolated from the purified polysaccharide of X. phaseolt. 


Corroborating evidence for the identification of the latter compound as 
glucuronic acid was obtained by the colorimetric procedure of Dische (15) 
which permits differentiation between the three hexuronic acids. This reaction 
depends on the interaction of the breakdown products of uronic acid formed 
during heating in strong sulphuric acid solution (containing mannose) with 
thioglycolic acid. Figure 5 shows the spectrum obtained when known samples 
of glucuronic (curve 3), galacturonic (curve 1), or mannuronic acid (curve 2) 
were analyzed by this method. Curve 4 shows the spectrum of the uronic acid 


isolated from the polysaccharide, which compares well with that of the glucu- 
ronic acid control. 


p-Mannose and v-Glucose 


Fractions 5 and 6 collected from the Dowex column were combined and 
the acetic acid removed in vacuo at 40° C. The resulting material was dissolved 
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in 0.005 M borate buffer (pH 9.2) for separation on a borate-treated column of 
Dowex-1 ion-exchange resin as described by Khym and Zill (28). One liter of 
0.1 M borate buffer (pH 9.2) was run slowly through a column (14X1 cm?) of 
Dowex-1 resin in the chloride form, followed by a single wash of about 100 ml 
of distilled water. The solution containing the hexoses was allowed to run into 
the column. Elution was then begun with 0.02 M borate buffer (pH 9.2) at a 
flow rate of 1 ml per minute and a volume of 13 ml per fraction. 


Mannose was identified in tubes 200-300 and glucose in tubes 500-600. The 
contents of the tubes containing mannose were combined, as were those con- 
taining glucose, and the sodium borate in each fraction was converted to 
boric acid by treatment with IR120(H™) resin. The boric acid was then 
removed from both fractions as the methyl borate by repeated extractions 
with methyl alcohol im vacuo at 40° C (29). The solutions were evaporated to 
dryness in vacuo at 40° C. Mannose was identified by the formation of the 
o-nitrophenylhydrazine derivative. To an aliquot of the above fraction con- 
taining 180 mg of mannose was added 180 mg of freshly sublimed o0-nitro- 
phenylhydrazine in 15 ml of 95% ethyl alcohol. The mixture was heated under 
reflux for 20 minutes and then evaporated down to a small volume. The 
crystals which formed after the mixture was allowed to stand at room tem- 
perature were purified by recrystallization from ethyl acetate and gave a 
melting point of 169° C and a mixed melting point with the o-nitropheny!l- 
hydrazine derivative of known D-mannose of 168° C (30). 

Glucose was identified as the 2,5-dichlorophenylhydrazone formed from the 
dried material mentioned above. To an aliquot of the above fraction contain- 
ing 200 mg of glucose was added 200 mg of freshly sublimed 2,5-dichloro- 
phenylhydrazine in 15 ml of methyl alcohol. The mixture was heated under 
reflux for 20 minutes and then evaporated down to a small volume and left to 
crystallize at room temperature. The crystals were purified by fractional 
recrystallization from ethanol— petroleum ether. The melting point was 
157-158° C and this was unchanged on admixture with a similarly prepared 
derivative of known glucose of m.p. 157—158° C (31). 

Optical rotations were also measured on the mannose and the glucose frac- 
tions similarly prepared from a hydrolyzate of the purified polysaccharide. 
At equilibrium, the glucose fraction showed [a] = +54° (conc. 18%) and the 
mannose fraction [a]f> = +11.8° (conc. 21.2%), which are in reasonable 
agreement with generally accepted values. 

The relative proportion of D-glucose and of D-mannose present in a hydro- 
lyzate of the purified polysaccharide was obtained by estimation of the amount 
of each eluted from appropriate areas of chromatograms of the hydrolyzate 
developed in solvent system (a). The average ratio of mannose to glucose 
(four separate determinations) was found to be 1.18:1. This figure is undoubt- 
edly subject to some error in view of the fact that some unknown amount of 
destruction of sugars occurs during hydrolysis. 

The amount of glucuronic acid in the purified polysaccharide was estimated 
by electrometric titration. Two hundred milligrams of the sodium salt of the 
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polysaccharide was shaken with IR120(H*) resin for 3 hours. The polysac- 
charide was precipitated with acetone and was recovered and washed by 
filtration on a sintered glass filter funnel. This material was then dissolved in 
water and the concentration of polysaccharide determined. A known quantity 
was titrated to neutrality with standard sodium hydroxide. The average 
equivalent weight (estimations on each of five different preparations) of the 
polysaccharide was calculated to be 488 (599, 421, 508, 391, and 592) indicating 
a glucuronic acid anhydride content of 36.1%. It is therefore assumed that 
D-mannose, D-glucose, and D-glucuronic acid are present in the relative propor- 
tions of 1:1:1. 


Bacterial Synthesis of Polysaccharide from C'4-Labelled Glucose 


The first experiment was designed to show whether or not any exchange 
occurred between the unlabelled glucose of the polysaccharide and C"*-labelled 
glucose provided in the medium. Twenty-five milligrams of purified polysac- 
charide was dissolved in 25 ml of glucose-free synthetic medium. Carrier-free 
glucose solution (0.1 ml), uniformly labelled with C'™, was then added along 
with 1 ml of chloroform to maintain sterility. The solution was shaken at 27° C 
for 18 hours. The polysaccharide was purified via the cetavlon complex, as 
stated in “‘Materials and Methods’’. There was no detectable radioactivity in 
the recovered polysaccharide whereas a total of 7.5X10° counts per minute 
(c.p.m.) had been originally added as C'*-labelled glucose. Thus none of the 
labelled glucose had entered the polysaccharide by any exchange mechanism. 
This result indicates that any label found in later studies in the polysaccharide 
produced by bacterial cells in the presence of labelled glucose resulted from 
synthesis and not from exchange. 

The following experiment was designed to provide evidence on the question 
of breakdown and resynthesis as against a more direct inclusion by the bacteria 
of a simple sugar from the culture fluid into the same sugar component of the 
polysaccharide newly synthesized. This was done by adding uniformly C'- 
labelled glucose to each of two identical cultures and then adding an equal 
amount of unlabelled mannose to one only. It was anticipated that if the 
unlabelled mannose were incorporated into the polysaccharide by a direct 
route the mannose isolated from the polysaccharide would contain little or no 
label. The specific activities of the component sugars of the polysaccharide 
synthesized during bacterial growth on these substrates were then compared. 

The cells for this experiment were grown in an unlabelled enriched medium. 
They were washed in the centrifuge with fresh glucose-free medium and 
resuspended to the desired optical density of 0.3 in this medium. Two 40-ml 
aliquots were taken to form cultures G (to contain only glucose) and GM 
(to contain glucose plus mannose). Sufficient sterile, unlabelled glucose solution 
was added to each culture to give the following concentrations: culture G, 
1000 wg per ml, and GM, 500 yg per ml. Furthermore, sterile unlabelled man- 
nose solution was added to culture GM to give a concentration of 500 yg per 
ml of mannose. Both cultures were shaken at 27° C and the increase in optical 
density was measured. The results of preliminary experiments had shown that 
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the cells utilized approximately 1000 yg per ml of glucose during growth from 
an optical density of 0.3 to the end of the logarithmic phase. In addition, it 
was found that when both glucose and mannose were present in the medium 
as substrates they were both used at approximately the same rate during this 
period of growth, as determined by paper chromatography of aliquots of the 
medium followed by analysis. The growth curves of the two cultures were 
almost identical and therefore at an optical density of 0.8 an equal amount of 
uniformly labelled glucose (0.1 ml containing a total of 210° c.p.m.) was 
added to each. A 5-ml aliquot was taken from each culture at this time and 
again at suitable intervals during the logarithmic growth phase, which con- 
tinued for 4 hours. The cells were sedimented immediately from each sample in 
the refrigerated centrifuge. The supernatants were carefully decanted and the 
cells resuspended in isotonic salt solution for measurement of optical density. 
Following this, the cells were sedimented again in the centrifuge and re- 
suspended in the original sample volume for a determination of their content 
of C¥, 

The polysaccharide contained in each of the original cell-free supernatants 
was precipitated by the addition of two volumes of absolute ethyl alcohol to 
each. The polysaccharide was washed by reprecipitation with ethanol. It was 
finally dissolved in the original sample volume (5 ml) for an estimation of 
radioactivity and polysaccharide content. The radioactivity remaining in the 
culture fluid was determined by estimation of the C™ in the first alcoholic 
supernatant. 

The results of these measurements are presented in Table II. Three points 
of interest are apparent from these data. First, a significant amount of the 
C4 label was found in the synthesized polysaccharide present in the medium 
at zero time. This attachment occurred during the 5 minutes required for 
manipulation and centrifugation of the initial samples. Repeated dissolution 
and precipitation of the two zero time samples did not change their specific 
activities. Further work is required to determine the nature of this initial 
incorporation. Secondly, by the end of the experiment only 23% of the glucose 
label was lost in the form of volatile material, approximately 35% of the C' 
was found in the cells, 20% in the medium, and about 22% in the polysaccha- 
ride. Finally it is noted that both the specific activity of the polysaccharide 
and the amount of C** incorporated into the cells during the first 90 minutes 
increased much more rapidly in culture GM than in G. This is more apparent 
if a correction is first made for the amount of C™ found in the zero time 
samples. This is the result that would be expected if the labelled glucose was 
utilized independently of the unlabelled mannose in culture GM for the 
synthesis of both polysaccharide and cellular material. 

The polysaccharide from the 40-, 95-, and 150-minute samples was then 
hydrolyzed for the determination of the specific activities of the component 
sugars. In order to have sufficient material for hydrolysis and isolation of 
sugars, particularly the glucuronic acid which is easily lost, it was first neces- 
sary to add unlabelled carrier polysaccharide (10 mg) to each sample. 
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The polysaccharide was precipitated from each sample with alcohol, redis- 
solved in 3 ml of distilled water, and 1 ml of 4 N sulphuric acid was added. The 
samples were hydrolyzed and barium ions removed as described above. Each 
was titrated to pH 8 with sodium hydroxide and was partially resolved into its 
components by separation on Dowex-1 resin. Glucuronic acid was obtained in 
one fraction and glucose and mannose together in another. Each uronic acid 
fraction was further purified by paper electrophoresis in acetate buffer, eluted, 
and the specific activity determined. Glucose and mannose from each sample 
were isolated as pure compounds by elution from paper following electro- 
phoresis in borate buffer. The specific activity of each sugar was then deter- 
mined. 

TABLE III 


The distribution of C'* among the component sugars of 
the polysaccharide synthesized by X. phaseoli 
growing on uniformly labelled glucose 








Specific activity (c.p.m. per ug) 








Culture G Culture GM 
Sample time, Glucose Mannose Glucuronic Glucose Mannose Glucuronic 
minutes acid acid 
40 0.9 0.8 2. 2.1 1.2 2.4 
95 1.9 1.9 2.4 3.5 2.6 8.7 
150 14.3 14.3 16.2 16.0 12.8 29.0 





It can be seen from these data (Table III) that in culture G the C™ label, 
added as uniformly labelled glucose, was distributed equally between the 
glucose and mannose in the polysaccharide. However, the specific activity of 
the glucuronic acid component was found to be significantly higher. This 
would suggest that the labelled carbon of glucose was diluted to a lesser 
extent in the synthesis of the glucuronic acid moiety than of the glucose 
portion of the polysaccharide. The results from culture GM differ from culture 
G in that the specific activity of glucose is no longer equal to that of mannose, 
but is considerably higher. This suggests that incorporation of the label from 
C'4-glucose into mannose of the polysaccharide was depressed by the presence 
of unlabelled mannose in the medium. [t must be pointed out here that the 
specific activities are comparable only between the three sugars in individual 
time samples in each culture but mot between samples or between cultures. 
This is because the content of polysaccharide in the samples was so low that 
additional carrier polysaccharide had to be added. Since the original amounts 
were not identical, the final specific activities were no longer comparable. 


Discussion 


A polysaccharide has been isolated from the fluid of a culture of Xantho- 
monas phaseoli which appears to be homogeneous. The physical characteristics 
of this material in solution are such that the data obtained by means of electro- 
phoresis and by ultracentrifugation must be interpreted with caution, and 
final proof of homogeneity would depend on a more rigorous physicochemical 
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examination than has been possible hitherto. In fact, the nitrogen content 
indicates that a small impurity is present. Other work, not included in this 
paper, leads us to suspect that the impurity may be bound protein. Work is 
still in progress to remove the latter completely in order to obtain a chemically 
pure product. The removal of this very small amount of contaminating 
material is considered to be most important inasmuch as the reported toxicity 
to the bean plant by a relatively impure polysaccharide (32) may conceivably 
be due to the presence of this material and not to the polysaccharide itself. 

Leach et al. (33) have recently suggested that both glucose and mannose 
were contained in the polysaccharide from X. phaseoli. However, their evidence 
was based only on paper chromatography and it was considered essential for 
purposes of future experiments on the biosynthesis of the polysaccharide to 
establish absolute chemical identity of the sugars concerned before this could 
be accepted. We have now obtained not only the chemical derivatives of 
glucose and mannose but have also isolated D-glucuronic acid as the crystalline 
lactone. No other sugars or uronic acids have been found. 

Very little has been reported to date on the biosynthesis of the heteropoly- 
saccharides. From the results presented here it appears unlikely that a single 
six-carbon precursor is formed from which all three sugar components of the 
polysaccharide are synthesized directly. It is expected that more direct 
evidence for the possible mechanism of biosynthesis will be available from 
work now being carried out in our laboratory with the aid of specifically 
labelled sugars. Experiments with cell-free extracts are also expected to supply 
information on the enzymatic mechanisms involved. 
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METABOLISM OF PHENYLPROPANOID COMPOUNDS IN SALVIA 
I. BIOSYNTHESIS OF PHENYLALANINE AND TYROSINE! 


D. R. McCAtta? Anp A. C. NEISH 


Abstract 


C¥-Labelled shikimic acid, L-phenylalanine, D-phenylalanine, L-tyrosine, and 
cinnamic acid were fed separately to leafy cuttings of salvia. After a metabolic 
period of 24 hours the free and bound phenylalanine, tyrosine, and glutamic acid 
were isolated from the stems, and their specific activities measured. Shikimic 
acid was found to be a good precursor of both phenylalanine and tyrosine. There 
was little interconversion of phenylalanine pot + tyrosine, and hardly any oxidative 
breakdown of these compounds to glutamic acid precursors. D-Phenylalanine 
was metabolized more slowly than L-phenylalanine but it was superior to cinnamic 
acid as a precursor of bound phenylalanine and tyrosine. 


Introduction 


The studies of Davis (1) and his co-workers have established the biochemical 
pathway by which aromatic amino acids are synthesized by Escherichia coli 
and Aerobacter aerogenes. Dehydroquinic acid formed from carbohydrate is 
dehydrated to form dehydroshikimic acid. The enzymatic synthesis of 
dehydroshikimic acid from D-erythrose-4-phosphate and phosphoenolpyruvate 
has been achieved in vitro (2). It is converted to shikimic acid, which then 
combines with a C; compound (possibly pyruvic acid) to form prephenic acid. 
Phenylalanine is formed from prephenic acid via phenylpyruvic acid. Recent 
work by Ghosh (3) suggests that tyrosine is formed from prephenic acid by 
way of p-hydroxyphenylpyruvic acid. 

Other investigators have studied aromatic biosynthesis in the bread mold 
Neurospora crassa. Tatum et al. (4) have described a mutant with a multiple 
nutritional requirement for aromatic compounds. This mutant grew well 
only when the basal medium was supplemented with phenylalanine, tyrosine, 
tryptophane, and p-aminobenzoic acid. As shown previously by Davis with 
a similar mutant of E. coli, this requirement could be met by a single substance, 
shikimic acid. More recently Metzenberg and Mitchell (5) have studied 
aromatic biosynthesis in other mutant strains of N. crassa. They were able 
to find mutants which could respond to added dehydroquinic and dehydroshi- 
kimic acids, but none which would respond to shikimic acid. These workers 
therefore suggest that shikimic acid is not an intermediate in aromatic bio- 
synthesis in N. crassa. Since this proposal is based on negative evidence and 
is not in accord with the earlier work of Tatum e¢ al. (4), it must be regarded 
with skepticism. However, it appears that a pathway of the same general 
type as that found in E. coli and in A. aerogenes is also found in N. crassa. 
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Indirect evidence suggests that such a pathway is also operative in higher 
plants. Shikimic acid occurs in a number of plants (6, 7, 8) and the enzymes 
necessary for some of the steps in this pathway have been found in peas and 
spinach (1, 9). It has been shown by tracer methods that shikimic acid is a 
good precursor of lignin (10, 26) and of quercetin (11) in higher plants. As 
yet, to the authors’ knowledge, the biosynthesis of phenylalanine and tyrosine 
from shikimic acid in higher plants has not been reported. It seemed of 
interest, therefore, to study some aspects of this problem using C**-tracer 
methods. Salvia splendens was being grown for other purposes and proved 
to be useful for this study. 


Experimental 


General Techniques 

Radioactivity measurements were made by means of a gas phase propor- 
tional counting apparatus slightly modified from that described by Buchanan 
and Nakao (12). The melting points were determined on a Kofler hot stage 
microscope and are corrected. Unless otherwise stated, the evaporation of 
small volumes of liquid was carried out by blowing a stream of dry filtered air 
onto the surface of the solution contained in a small beaker at room tem- 
perature. 


Cultivation of Plants 

Salvia splendens Sello, var. Globe of Fire, was grown in gravel culture and 
automatically irrigated from below with a modified Hoagland solution (13). 
The plants were grown in growth chambers at a controlled temperature of 
23° C during the day and 18° C at night. The day length was 16 hours and 
the light intensity was approximately 14,000 lux (1300 foot candles). 


C'4-Labelled Compounds 

L-Phenylalanine-G-C™ (i.e. generally labelled) and L-tyrosine-G-C™ were 
purchased from Atomic Energy of Canada Ltd. Their identity and purity 
were checked by paper chromatography followed by radioautography. Cin- 
namic acid-@-C™ and pD- and L-phenylalanine-@-C™ were prepared as described 
in a previous paper (14). 

Shikimic acid-G-C™ was prepared by fermentation of uniformly labelled 
sugar with an Escherichia coli mutant supplied by Dr. B. D. Davis (15). 
Since a quantity of uniformly labelled sucrose was on hand, from another 
investigation on photosynthesis of spruce leaves (16), the fermentation of 
sucrose by this mutant was studied, with the assistance of Dr. F. J. Simpson. 
The yields of shikimic acid from sucrose were low and variable so the labelled 
sucrose was subjected to acid hydrolysis prior to fermentation. Even then 
the yield of shikimic acid was only slightly more than half that obtained in 
parallel experiments with glucose. The shikimic acid was isolated by chro- 
matography on charcoal using gradient elution with ethanol—water (16). It 
was purified by partition chromatography on Celite wetted with 0.01 NV 
sulphuric acid using benzene:m-butanol (25:75) as the developing solvent. 
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This gave a crystalline sample which was recrystallized from glacial acetic 
acid (15, 16). 


Administration of Labelled Compounds 


The plants were harvested by severing the stem just above ground level. 
The lower leaves were removed so that the shoot retained about half of its 
original complement of leaves. The end of the stem was then recut under 
water with a razor blade, to eliminate air-blocks in the vascular tissue. The 
leafy cutting was placed in a test tube containing 1 ml of the solution to be 
administered, with the freshly cut end immersed in the solution. Absorption 
of the solution was allowed to proceed in a chamber at 20° C with illumination 
of about 5000 lux from ‘‘cool white’”’ fluorescent tubes. When the plant had 
absorbed the solution, 0.5 ml of distilled water was added to the tube, and 
when absorption of this was completed another 0.5 ml portion was added. 
After the last rinse had been absorbed the cutting was transferred to an 
Erlenmeyer flask containing distilled water, and allowed to metabolize in the 
chamber for the duration of the experimental period. 


Extraction of Plant Material 


The leaves were discarded, and the stem (15-30 g) was cut up and extracted 
with 25-50 ml of hot 80% ethanol in a VirTis homogenizer. The homogenate 
was filtered on a Buchner funnel and washed with hot 80% ethanol, and the 
filtrate evaporated to dryness. The residue was then taken up in hot water, 
Celite Analytical Filter Aid added, and the suspension filtered. The fi!trate 
was extracted with ether for 5 hours in a continuous extractor. The ether 
extract was set aside, and the aqueous residue evaporated to dryness and saved 
for isolation of the ‘‘free’”’ amino acids. 

The fibrous matter, consisting of cell wall material and protein that remained 
in the Buchner funnel, was washed with a solution of ethanol in benzene 
(1:2), rinsed with ether, and air-dried. This material (0.5-1.0 g) was ground 
to pass a 60-mesh sieve and placed in a large test tube. Hydrochloric acid 
(6 N; 25 ml) was added and the tube was sealed and heated in a steam bath 
for 24 hours. After this time the tube was opened and its contents filtered. 


The filtrate was evaporated to dryness and saved for isolation of “bound” 
amino acids. 


Determination of Specific Activity of the Amino Acids 

Phenylalanine, tyrosine, and glutamic acid were separated in an ion- 
exchange resin column by the method of Hirs e¢ al. (18). The dry residue 
from the protein hydrolyzate, or the free amino acid fraction, was dissolved 
in 0.5 N acetic acid and poured on the top of a 2X50 cm Dowex-1 acetate 
column. The column was eluted with 0.5 N acetic acid. Fractions (2 ml 
each) were collected by means of a fraction collector equipped with a drop 
counter. The purity of the amino acids thus obtained was checked by paper 
chromatography in an m-butanol:acetic acid:water (4:1:1.8, v/v) solvent. 
Occasionally it was necessary to purify phenylalanine by absorbing it on a 
small charcoal column and eluting it with 5% aqueous phenol. The phenol 
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was then extracted from the eluate with carbon tetrachloride, and the aqueous 
phase evaporated to about 5 ml. This solution was made up to 10 ml and the 
amount of amino acid present estimated by the quantitative ninhydrin method 
of Moore and Stein (19). 

Accurately weighed carrier (about 15 mg of the L-isomer) was added to a 
known volume of amino acid solution after an aliquot had been analyzed. 
The solution was then evaporated to dryness and the material recrystallized 
as follows: Glutamic acid was dissolved in hot water and acetone added until 
the solution just became turbid. Glutamic acid crystallized upon cooling. 
Tyrosine was crystallized from hot water. Phenylalanine was dissolved in 
hot water, 2 volumes of ethanol were added, and the solution was allowed to 
cool. The crystals were filtered off and dried in a vacuum desiccator. 


Results 


Table I summarizes the data obtained in these experiments. The efficien- 
cies of various precursors can be compared by reference to that portion of the 
table which gives the dilution values. The dilution varies markedly with the 
amount of precursor fed (see Part II (23) ) so the first two experiments in 
Table I can be compared only with each other and not with the other four 
experiments. 

Shikimic acid was an excellent precursor of both phenylalanine and tyrosine. 
Little phenylalanine was converted to tyrosine and even less tyrosine was 
converted to phenylalanine. Cinnamic acid was not a good precursor of 
either of these amino acids. D-Phenylalanine was metabolized to some 
extent but little of the C' fed as this compound was found in the tyrosine 
isolated. The C' fed as phenylalanine, tyrosine, or cinnamic acid was not 
converted into glutamic acid to any great extent. Somewhat more of the 
C" fed as shikimic acid was found in glutamic acid but the amount was still 
small. 


Discussion 


The results obtained when shikimic acid was fed to salvia plants provide 
the first direct evidence that this compound is involved in the biosynthesis of 
aromatic amino acids in higher plants. It seems probable that the pathway 
of aromatic biosynthesis in green plants is similar to that found in E. coli, A. 
aerogenes (1), and N. crassa (4). 

Relatively little conversion of phenylalanine to tyrosine takes place in 
salvia. This result differs from that obtained by workers who have used 
animal tissues (20). Since tyrosine is not formed efficiently from phenyl- 
alanine it seems unlikely that phenylpyruvic acid is an intermediate in tyrosine 
biosynthesis in salvia. It is more likely that prephenic acid gives rise to tyro- 
sine via p-hydroxyphenylpyruvic acid (3, 21). 

Some of the D-phenylalanine must have been metabolized since C'* was 
incorporated from it into bound phenylalanine (presumably the L-isomer in 
protein) and into tyrosine. It has also been shown (14) that D-phenylalanine 
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can be converted to lignin by wheat. These results suggest that higher plants 
contain a D-phenylalanine transaminase. An enzyme of this type has been 
found in bacteria (22) and it is possible that such an enzyme is present in 
salvia. If D-phenylalanine was involved in transamination the phenyl- 
pyruvic acid formed could have been converted to a number of compounds 
(14, 17, 23). 

Liver tissue (24) and some microorganisms (25, 27) are able to degrade 
phenylalanine and tyrosine to intermediates of the citric acid cycle or to 
closely related compounds. Such degradation does not seem to be of quan- 
titative importance in salvia since very little of the C™ fed as labelled aromatic 
amino acids was found in glutamic acid. 
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METABOLISM OF PHENYLPROPANOID COMPOUNDS IN SALVIA 
II. BIOSYNTHESIS OF PHENOLIC CINNAMIC ACIDS! 


D. R. McCALLa? AND A, C. NEISH 


Abstract 


p-Coumaric, caffeic, ferulic, and sinapic acids were found to occur in Salvia 
splendens Sello in alkali-labile compounds of unknown constitution. A number 
of C!4-labelled compounds were administered to leafy cuttings of salvia and these 
phenolic acids were isolated after a metabolic period of several hours and their 
specific activities measured. Cinnamic acid, dihydrocinnamic acid, L-phenyl- 
alanine, and (—)-phenyllactic acid were found to be good precursors of the 
phenolic acids. p-Phenylalanine, L-tyrosine, and (+)-phenyllactic acid were 
poor precursors. A kinetic study of the formation of the phenolic acids from 
L-phenylalanine-C™ gave data consistent with the view that p-coumaric acid 
— > caffeic acid ——> ferulic acid ——> sinapic acid, and that these com- 
pounds can act as intermediates in lignification. Feeding of C'*-labelled mem- 
bers of this series showed that salvia could convert any one to a more complex 
member of the series but not so readily to a simpler member. Caffeic acid-8-C'™ 
was obtained from salvia after the feeding of L-phenylalanine-8-C" or cinnamic 
acid-8-C'4, and caffeic acid labelled only in the ring was obtained after feeding 
generally labelled shikimic acid. 


Introduction 


p-Coumaric (4-hydroxycinnamic), caffeic (3,4-dihydroxycinnamic), ferulic 
(3-methoxy-4-hydroxycinnamic), and sinapic (3,5-dimethoxy-4-hydroxycin- 
namic) acids, occur widely throughout the plant kingdom (1, 2). A number 
of biochemical and physiological functions have been suggested for these 
compounds. It has been shown that they occur in larger quantities in disease- 
resistant varieties than in susceptible varieties of the same species (3) and it 
seems likely that these and other phenolic compounds are able to inhibit 
growth of some parasitic microorganisms. Van Sumere ef al. (4) have shown 
that these phenolic acids are present in the uredospores of wheat stem rust 
and that caffeic and ferulic acids have an inhibiting effect on spore germina- 
tion. 

These cinnamic acid derivatives are also known to act as plant growth 
factors. Older work showed that caffeic and ferulic acids increased the 
response of Avena coleoptiles to indoleacetic acid (5). Recently it has been 
shown that ferulic and caffeic acids may inhibit indoleacetic acid oxidase while 
p-coumaric acid acts as a coenzyme (6, 7). 

Work in this laboratory has shown that these acids are precursors of more 
complex plant materials. Brown and Neish (8, 9) report that several phenolic 
cinnamic acids are good precursors of lignin while Underhill e¢ al. (10) have 
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shown that p-coumaric acid is readily incorporated into quercetin by the 
buckwheat plant. 

The only literature pertaining to the biosynthesis of these acids is a note by 
Geissman and Swain (11) in which it is reported that caffeic acid can be 
synthesized from L-phenylalanine by buckwheat. Preliminary work in this 
laboratory on the biosynthesis of pelargonidin in Salvia splendens Sello in- 
dicated that a number of phenolic compounds became highly labelled when 
L-phenylalanine was fed to the plant. The identification of these compounds 
as p-coumaric, caffeic, ferulic, and sinapic acids prompted a study of their 
formation from phenylalanine and a number of other possible precursors. 


Experimental 

General 

The methods of cultivation of the plants, feeding of the C'*-labelled pre- 
cursors, extraction of the plant material, and the determination of C' have 
been described previously (12). Plants of lot 4 were grown in a greenhouse 
at 22° C rather than in a growth chamber. The methods of synthesis of the 
C'*-labelled compounds used have also been described in earlier papers (8, 9, 
12, 13). The lignin-derived aldehydes were isolated with the aid of Celite 
columns, as described by Brown and Neish (8, 9). 


Identification of Phenolic Acids 


Extracts of salvia stems did not appear to contain the phenolic cinnamic 
acids as free acids (14). However, when the extracts were treated with 2 N 
NaOH at room temperature, p-coumaric, caffeic, ferulic, and sinapic acids 
could be detected in the hydrolyzate. It is thus presumed that these acids 
occur as esters in salvia. The acids were identified by paper chromatographic 
techniques and this identification was confirmed, when it was found that the 
C'*-labelled acids, isolated by paper chromatography, could be recrystallized 
to a constant specific activity after the addition of the corresponding pure 
unlabelled acid as carrier (see next section). In the case of p-coumaric and 
caffeic acids it was shown that the ultraviolet absorption spectra of the acids 
from salvia matched those of authentic samples (14). In one experiment 
enough salvia stems were processed to obtain 40 mg of pure caffeic acid, 
without addition of carrier. In this instance the caffeic acid was isolated by 
chromatography on a cellulose column developed by benzene — ethyl acetate— 
formic acid (90%) — water (100:100:10:3, v/v) and purified by two recrystal- 
lizations from water, using charcoal in the second recrystallization. The 
melting point of this sample (207—210° C) was not depressed by admixture 
with an authentic sample of caffeic acid (m.p. 207—210° C). 

It has not yet been possible to identify the other component (or components) 
of these esters. However, hydrolysis was found to liberate an unknown 
phenolic acid as well as caffeic acid. No trace of quinic acid was found, so 
chlorogenic acid and its isomers appear to be absent from salvia. Chlorogenic 
acid itself was shown to be absent by paper chromatography of the un- 
hydrolyzed extract. 
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Measurement of Specific Activity of the Phenolic Acids 


The ether extract of the water-soluble constituents, prepared from each 
stem as described previously (12), was evaporated just to dryness. The 
residue was dissolved in 20 ml of 2 N NaOH and allowed to stand for 5 hours 
at room temperature in a nitrogen atmosphere. The solution was then 
acidified (5 N HCl) and extracted with ether for 5 hours in a continuous, 
10-ml extractor. The ether solution was extracted with a saturated sodium 
bicarbonate solution, the bicarbonate extract acidified (5 N HCl) and back- 
extracted for 5 hours with ether. This ether extract was evaporated to a 
small volume and applied in a narrow band to a 9 in. X 24 in. sheet of What- 
man 3 MM filter paper. This chromatogram was developed with a toluene — 
acetic acid — water solvent (4:1:5, v/v) (1). The phenolic acid bands were 
located by their fluorescence under ultraviolet light; the RF of caffeic acid was 
0.0, of p-coumaric acid 0.12, of sinapic acid 0.25, and of ferulic acid 0.48. 
p-Coumaric and ferulic acids were eluted from the paper with methanol in 
a small Soxhlet extractor. Sinapic acid was eluted with cold methanol and 
caffeic acid with cold water. The p-coumaric, ferulic, and sinapic acids thus 
obtained were chromatographically pure. The caffeic acid was purified by 
paper chromatography in x-butanol-—acetic acid- water (4:1:1.8, v/v) on 
Whatman 3 MM paper sheets. 

The eluates from the paper sheets were evaporated to dryness, the phenolic 
acids taken up in boiling water, and the solutions were filtered and made up 
to 10 ml. Aliquots of these solutions were used for the estimation of phenolic 
acid content. The phenol reagent of Folin and Ciocalteau (15) was used 
according to a procedure scaled down (3.0 ml sample size) from that described 
by Hawk et al. (16). 

An aliquot of the solution remaining after analysis was transferred to a small 
beaker, and accurately weighed carrier (about 15 mg) was added. The 
solution was evaporated to dryness and the acids were crystallized from water. 
p-Coumaric, ferulic, and sinapic acids were crystallized from 2-4 ml of hot 
water. The crystals were filtered off with suction and dried in a vacuum 
desiccator. Caffeic acid was crystallized from 1 ml of water, about 10 mg of 
Darco-G-60 charcoal being added before filtering; 0.5 ml of water was used for 
washing. It was found that one crystallization was sufficient; additional 
recrystallizations did not alter the specific activity. 

Determination of C'*-Distribution in Caffeic Acid 

Caffeic acid (200 mg) was methylated by a modification of the method of 
Graebe and Martz for protocatechuic acid (14, 17). The 3,4-dimethoxycin- 
namic acid thus obtained was dissolved in sodium hydroxide solution, the 
solution decolorized by charcoal, and the crystalline material obtained on 
acidification was recrystallized from a benzene—-petrol solution. The yield 
was 160 mg (70%) m.p. 180-181° C. A portion was analyzed to determine 
the total C'*-content. 

The remainder (140 mg) was suspended in 50 ml of water, and enough 
acetone added to dissolve it. Aqueous potassium permanganate solution 
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(1%) was added slowly at room temperature until a permanent pink color 
remained. About 50 ml of permanganate was required. The mixture was 
allowed to stand for 1 hour at room temperature, then acidified and treated 
with enough sodium metabisulphite to give a clear solution. This was satu- 
rated with sodium chloride and extracted with two 100-ml portions of ether. 
The crude veratric acid obtained on evaporation of the ether was dissolved in 
alkali, boiled with charcoal, filtered and the filtrate acidified. The crystalline 
veratric acid thus obtained was recrystallized from a benzene—petrol solution; 
the yield was 52 mg (43%) m.p. 181° C. Analysis of this veratric acid gave 
the C'4-content of the ring- and @-carbons of caffeic acid and permitted cal- 
culation of the C'*-content of the a- and carboxyl-carbons by difference. 

The remainder of the veratric acid (40 mg) was decarboxylated with copper 
powder and quinoline by the method used by Brown et al. (18) for phenyl- 
acetic acid. The carbon dioxide (yield 90-95%) was caught in alkali and 
analyzed for C'*+. The amount of CO, recovered was corrected for a small 
blank. This result gave the C'*-content of the @-carbon of caffeic acid, and 
the C'*-content of the ring was calculated by difference. The decarboxylation 
step was checked with a synthetic sample of carboxyl-labelled veratric acid 
and was accurate to about 5%. The activities for the carboxyl- and a-carbons 
and for the ring-carbons of caffeic acid were obtained by difference and may 
be subject to 10% error. 


Results 


The approximate phenolic acid pool sizes in the stems of plants of each 
group is given in Table I. It will be noted that there is considerable variation 
between the plants of different groups. 

TABLE I 


Amounts of phenolic acids in salvia stems 








uM of acid per stem 








Lot 1 Lot 2 Lot 3 Lot 4 
p-Coumaric acid 0.5 0.6 z 1 
Caffeic acid — 20 30 20 
Ferulic acid 6 6 2 2 
Sinapic acid 0.6 0.3 — 0.2 





Figures 1 to 3 show the results of a kinetic experiment. Five 60-g salvia 
plants were fed about 55 4M of L-phenylalanine containing 267 yc of C'* per 
mM. The plants were allowed to metabolize for varying lengths of time, 
after which the stems (about 30 g) were worked up for phenolic acids, free 
phenylalanine, protein phenylalanine, and lignin aldehydes. The specific 
activity of the free phenylalanine pool decreased steadily while the amount of 
C in the protein phenylalanine and lignin aldehydes increased. The specific 
activities of the phenolic acids all reached a maximum at some time between 
6 and 25 hours and then decreased. Figure 4 shows a semilog plot of the 
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Fic. 1. Formation of phenolic cinnamic acids from phenylalanine-C. 
A. Decline of specific activity of free phenylalanine and concurrent changes |in ‘the 
specific activities of p-coumaric and caffeic acids. ; 
Data from same experiment plotted on a larger scale to show changes in the 
specific activities of caffeic, ferulic, and sinapic acids. 


specific activity of the free phenylalanine pool versus time. The fact that a 
straight line is obtained indicates that this decrease follows first order kinetics 
(19). The rate constant of the process was calculated to be 5X 10~* per hour 
so that the half-life of phenylalanine in the pool was about 13 hours. The 
maintenance of a steady rate of phenylalanine utilization by salvia cuttings 
for 48 hours suggests that they were metabolizing normally. 

Table II shows the results of an experiment designed to compare the effec- 
tiveness of various possible precursors. The relative effectiveness can be 
seen by comparing the dilution values; a low dilution means efficient conver- 
sion. Cinnamic acid was the best of all these precursors while L-phenylalanine 
was also very good. p-Phenylalanine and L-tyrosine were only about 1/10th 
as efficient as L-phenylalanine. A significant amount of the activity from 
C-labelled shikimic acid was found in the cinnamic acid derivatives. 

It will be noted (Table II) that the dilutions obtained for L-phenylalanine 
varied markedly with the amount fed. When a small amount of precursor is 
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Fic. 2. Synthesis of lignin and protein from labelled L-phenylalanine. Data from same 
experiment as in Fig. 1 


1G. 3. Rate of phenylalanine metabolism. Data from Fig. 1 plotted on semilog scale. 


administered it is diluted more by substances already present in the plant than 
a larger amount would be. Because of this, precursors can only be compared 
when they are fed at the same dosage (uM/g fresh wt.) With the exception 
of the first two tests in Table II the dosage has been kept fairly constant in 
the rest of the experiments reported in this paper. These first tests serve only 
to compare tyrosine with phenylalanine. 

Dihydrocinnamic and (—)-phenyllactic acids were good precursors, though 
not quite as good as either cinnamic acid or phenylalanine, while (+-)-phenyl- 
lactic acid was not a good precursor of the phenolic cinnamic acid derivatives. 

The data of Table II also show that each of the phenolic acids of salvia 
could be converted to more complex members of the group but that conversion 
to a simpler member did not occur readily. It will also be noted that in 
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several experiments ferulic acid had a higher specific activity than did caffeic 
acid. 

Sinapic acid ——> Lignin 

Ferulic acid ——> Lignin 


Dihydrocinnamic acid 


| Caffeic acid 
Cinnamic acid oe p-Coumaric acid 
(—)-Phenyllactic acid L-Tyrosine 

t p-Hydroxyphenylpyruvic acid 
Phenylpyruvic acid <— Prephenic acid <—— Shikimic acid 


L-Phenylalanine 


Fic. 4. Suggested interconversion of Cs-C; compounds in salvia. 


TABLE III 
Distribution of C" in caffeic acid 








Per cent of total C!* found in 








a + carboxyl 
Precursor fed carbons B-carbon Ring-carbons 
L-Phenylalanine-g-C'* 12 90 0 
Cinnamic acid-p-C™ 1 103 0 
Shikimic acid-G-C™ 0 0 104 





The distribution of C' in caffeic acid after the feeding of various labelled 
compounds is shown in Table III. The C' from (-labelled L-phenylalanine 
and cinnamic acid was found largely in the -carbon of caffeic acid while the 
C* of generally labelled shikimic acid was found only in the ring of caffeic 
acid. 


Discussion 


The data obtained in this study throw some light on the biosynthesis of 
phenolic cinnamic acid derivatives in plants. It is probable that they are 
formed, as shown in Figure 4, by stepwise hydroxylation and methylation 
from cinnamic acid itself and that the cinnamic acid can be readily formed by 
dehydrogenation of dihydrocinnamic acid or by dehydration of (—)-phenyl- 














MCCALLA AND NEISH: PHENYLPROPANOID COMPOUNDS. II 545 


lactic acid. The latter compound may arise, as shown, by reduction of 
phenylpyruvic acid formed from either prephenic acid or phenylalanine. 

Since caffeic acid formed from L-phenylalanine-@-C" or cinnamic acid-8-C 
was also labelled mainly in the B-carbon (Table III) it appears that the two 
hydroxyls have been introduced with little, if any, rearrangement of the 
carbon skeleton. The fact that generally labelled shikimic acid was converted 
to caffeic acid labelled only in the ring is in agreement with the established 
pathway for formation of phenylpropanoid compounds from shikimic acid, 
since the carboxyl group of shikimic acid is lost in the process (20). 

The ease of formation of p-coumaric acid from cinnamic acid is noteworthy. 
The dilution of C'* in p-coumaric acid isolated from a plant treated with label- 
led cinnamic acid was almost as low as that of a sample from a plant treated 
with labelled p-coumaric acid itself (Table II). An enzyme system is known 
which accomplishes a reaction of this type, i.e. the conversion of phenylalanine 
to tyrosine by liver enzymes (21). Since salvia does not convert phenyl- 
alanine to tyrosine readily (12) under the experimental conditions used in this 
study, it seems likely that the hydroxylation actually occurs with cinnamic 
acid itself rather than with some earlier intermediate formed from it by re- 
versal of the reactions in Fig. 4. The failure of cinnamic acid to form 
phenylalanine (12) shows that these reactions are not all readily reversible in 
salvia cuttings. 

Judging from their structure the most obvious way in which the phenolic 
cinnamic acid derivatives might be formed is: cinnamic acid —> p-coumaric 
acid —~> caffeic acid —> ferulic acid ——> sinapic acid. Table II shows that 
each of these acids is readily converted to more complex members of the series. 
In considering the data of Table II and Figs. 1 and 2, two things must be 
kept in mind. First, these compounds are present largely in combined form, 
presumably as esters. In fact, although the free acids may be present in 
small amounts, they could not be detected. The term ‘‘p-coumaric acid pool” 
therefore will be used to refer to the total p-coumaric isolated after hydrolysis 
and includes free and esterified acid. The terms caffeic, ferulic, and sinapic 
pools will be used similarly. Second, there are wide differences in the pool 
sizes of these acids in the plant. A given amount of C™ entering a small pool 
would result in a higher specific activity than would the same amount entering 
a large pool. For these reasons the fact that the sinapic acid pool became 
labelled more rapidly than did the ferulic and caffeic acid pools and that in 
several instances ferulic acid had a higher specific activity than caffeic acid 
does not mean that the pathway suggested above is in error. These results 
can be rationalized on the basis of the scheme shown below. 


Precursor —> p-coumaric — > caffeic —> ferulic —~> sinapic 


acid acid acid acid 
ester ester ester ester 


(0.6 uM) (20 uM) (5 4M) (0.3 uM) 
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It is assumed that free p-coumaric acid is hydroxylated to form free caffeic 
acid at a relatively rapid rate; some of this caffeic acid is converted to ferulic 
acid and some of it is esterified. Since the caffeic acid pool is over 3 times as 
large as the ferulic acid pool it is entirely possible that the total ferulic acid 
isolated might have a higher specific activity than the total caffeic acid. In 
this connection it is worth noting that, if total rather than specific activities 
are considered, the caffeic acid pool contains more C™ than does the ferulic 
acid pool. For example, calculating from the data of Table I and Fig. 2, 
after 12 hours the total C' content of each pool was caffeic acid, 94 myc; 
ferulic acid, 35 myc; and sinapic acid, 4 myc. 

The metabolic scheme (Fig. 4) is based mainly on the results of tracer 
experiments conducted in this and previous studies (8, 9, 10, 12, 13, 22). No 
attempt has been made to demonstrate any of the reactions postulated using 
cell-free extracts of plants and indeed few of the enzyme reactions postulated 
have ever been demonstrated in vitro. The hydroxylation of p-coumaric 
acid to caffeic acid could probably occur under the mediation of phenolase 
(23), which is of widespread occurrence in plants. The methylation of caffeic 
acid to ferulic acid has been achieved (24), using methionine as a methyl 
donor, in rat liver and kidney homogenates, and methionine has been shown 
to act as a methyl donor in lignin formation in plants (25). 

The results of this study support the theory that phenolic cinnamic acid 
derivatives are intermediates in lignin biosynthesis. The relatively rapid rise 
and fall of the specific activity of these compounds after the feeding of a C'*- 
labelled precursor suggests that they are metabolic intermediates. As the 
activity of these phenolic acids declined that of the lignin-derived aldehydes 
continued to build up. Such results might also be obtained if these materials 
were synthesized in a parallel manner from the same precursor. However, in 
view of the fact that these cinnamic acid derivatives are readily converted to 
lignin (8, 9), it seems probable that they are indeed natural intermediates of 
lignin biosynthesis. 

The data obtained in this investigation strengthen the evidence for the 
scheme recently proposed for lignin biosynthesis (22) by providing support 
for the assumption that substitution of the aromatic ring occurs with inter- 
mediates having the cinnamic acid side chain. In particular the ready 
hydroxylation of cinnamic acid to p-coumaric acid lends credence to the belief 
that these compounds are central intermediates in the formation of lignin 
“building stones’”’. 
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STUDIES ON WHEAT PLANTS USING CARBON-14 COMPOUNDS 


IX. RADIOACTIVITY OF WHEAT FOLLOWING INJECTION OF FORMATE-C* 
AND GLYCINE-1-C“ WITH SPECIAL REFERENCE TO SERINE LABELLING! 


W. B. McConnege LL and E. BiILtnsxk1? 


Abstract 


Formate-C"* and glycine-1-C'* were injected into the stems of wheat plants 
71 days after seeding and the distribution of carbon-14 in the plants 102 days after 
seeding (full maturity) was studied. Large losses of formate carbon from the 
plant were observed. The most active kernel component isolated after formate- 
C"* injection was protein, the methyl carbon of the methionine and carbon-3 of 
serine being especially radioactive. The gluten protein of wheat kernels labelled 
with glycine-1-C!* was also comparatively radioactive, more than one half of the 
carbon-14 occurring in the carboxyl carbons of glycine and serine. The results 
suggest that the radioactive serine was formed largely by way of the condensa- 
tion of formate, or a “‘one carbon fragment,” with carbon-2 of glycine. 


Introduction 


The interconversion of glycine and serine has been well established for 
mammalian tissues (1) and in microorganisms (2) and there is considerable 
evidence that in many systems this reversible interconversion involves a 
one-carbon unit such as formic acid. The nature of the one-carbon fragments 
is not known with certainty but it appears that in mammalian tissues it 
involves complexes of folic acid derivatives (3). Biosynthesis of serine in plant 
tissues has not been so clearly elucidated but a condensation of the type 
mentioned above has been suggested by studies involving soybean leaves (4), 
and wheat and barley leaves (5). 

The present communication reports the results of experiments on the 
incorporation of carbon-14 from formate-C"™ and glycine-1-C" into the tissues 
of maturing wheat plants and more particularly into the amino acids of the 
alkali soluble protein of the mature kernel. The results suggest that serine 
biosynthesis occurs, at least in part, by condensation of glycine and formate 
or of their derivatives. The incorporation of the tracers into other amino 
acids is also reported. 


Experimental Methods 


Thatcher wheat plants growing in a plot seeded outdoors on May 23, 1955, 
were administered formate-C' and glycine-1-C™ using previously described 
procedures (6, 7). Injections were made into the hollow of the top internode 
of the stems. Seventy-one days after seeding 10 mg of sodium formate-C™ 
containing 6.4 uc of carbon-14 in 0.1 ml of aqueous solution was administered 
to each of 10 plants. Similar injections were given 77 days after seeding and 

‘Manuscript received in original form July 3, 1958, and, as revised, January 5, 1959. 

Contribution from the National Research Council of Canada, Prairie Regional Laboratory, 
Saskatoon, Saskatchewan. Presented in part at the Annual Conference of the C.I.C. at 
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84 days after seeding. The dates of the injection were August 2 and August 8. 
Similarly 0.85 mg of glycine-1-C'* containing 8.85 yc of carbon-14 in 0.1 ml of 
solution were given to each of 10 plants 71 days after seeding and 77 days after 
seeding. The plants were harvested on September 2 (102 days after seeding) 
at which time they had fully matured. The kernels, chaff, rachis, and the 
portion of the stem above the top node were collected separately and ground 
to pass a 40-mesh screen, the corresponding portions of different plants 
labelled with the same tracer at the same time being pooled. The methods 
used to prepare the samples (8), fractionate the wheat meal into major com- 
ponents (6), to isolate (7) and degrade the amino acids (8, 9) from wheat gluten, 
and to determine the specific activity of the samples (9, 10) have been pre- 
viously discussed. 

The methyl carbon of methionine was isolated for counting by refluxing 
the methionine for 6 hours with HI (11), the methyl iodide formed being 
absorbed in trimethylamine. The resulting tetramethylammonium iodide 
was precipitated from the solution by the addition of absolute alcohol accord- 
ing to the method of Kunster and Maag (12). Methionine for the degradation 
was obtained from the gluten hydrolyzate by co-crystallization with inactive 
L-methionine. It had a specific activity of 0.72 myc/mmole CO, and yielded 
tetramethylammonium iodide having a specific activity of 0.65 myc/mmole 
CO:. This corresponds to a value of 2.6 myc/mmole CO, for the methionine 
methyl group. At this low level of radioactivity counting error may be as 
high as 10%. 


Results and Discussion 


The distribution of carbon-14 in some parts of the plants is given in Table I. 
The specific activities of parts below the internodes into which injections 
were made were clearly very low and no attempts were made to estimate them 
quantitatively. About 4% and 0.5% of the carbon-14 given as formate 71 
and 77 days after seeding respectively appeared in the mature kernels indicat- 
ing comparatively inefficient use of formate carbon-14 for kernel labelling. 
Much of the formate carbon had evidently been lost from the plant during the 
interval between its injection and maturation. This was particularly evident 
when the tracer was given 71 days after seeding. Formate is readily oxidized 
to carbon dioxide in higher plants (13) and it therefore seems likely that 
losses of carbon-14 occurred through its respiration as carbon dioxide-C". 

Glycine-1-C' was comparatively effective for labelling the kernels and much 
of the carbon-14 in the mature plants was to be found in the kernels. With 
both formate-C' and glycine-1-C'* a much larger proportion of the carbon-14 
remained in stems when injections were given 77 days after seeding than when 
they were given 71 days after seeding. 

The distribution of carbon-14 among the major components of the kernel 
(Table II) was similar to that observed earlier by the use of other carbon-14 
labelled tracers (8, 14). Proteins were more radioactive than were other 
fractions using either the formate or glycine, the pattern of tracer incorpora- 
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TABLE I 
Recovery of carbon-14 from wheat plants 











Injection 
time 
Tracer (days after Plant Weight, Sp. act.,* Total C™,f 
injected seeding) part g/plant c.p.m. uc/plant 
Formate-C'4 71 Kernels . 66 5,200 .26 
Stem ft .38 10,000 .28 
Chaff .24 5,900 -11 
Total .65 
Formate-C™# 77 Kernels «ta 600 .03 
Stem ft ae 55,000 1.3 
Chaff oe 8,500 .14 
Total 1.47 
Glycine-1-C!4 71 Kernels mi | 51,000 2.90 
Stemt .32 5,500 .13 
Chaff 24 6,900 42 
Total .15 
Glycine-1-C'* 77 Kernels .78 20,000 2 
Stemt . 34 83,000 2.3 
Chaff .23 24,000 4 
Total 3.7 





*Plate counted at infinite thickness with end window counter (Micromil, Nuclear Chicago). 

+Factor for conversion of plate counts to carbon-14 content obtained by combustion and counting as CO, of 
representative samples of plant parts. 

Formate-C' injected =6.4 yc/plant. 

Glycine-1-C" injected = 8.85 yc/plant. 

tTop internode of stem only. This was the section into which injections were made. 


tion from the latter being qualitatively and quantitatively akin to those 
given with acetate (14) and pyruvate-2-C' (8). The specific activity of the 
fractions labelled via glycine-1-C'* decreased with later injection, this being 
particularly marked with the starch and the ether extract. Soluble com- 
ponents not isolated therefore accounted for a correspondingly larger propor- 
tion of the total tracer in the kernels as injections were made closer to maturity, 
a pattern also noted in earlier studies (6). 

A number of amino acids were isolated from acid hydrolyzates of the gluten 
fractions of plants labelled 71 days after seeding. The amino acids labelled 
via formate-C'™ had, as would be predicted from the results of Table II, a 
low carbon-14 content (Table III). The most notable feature of the labelling 
is the comparatively high specific activity of serine and methionine coupled 
with low specific activity in their carboxyl carbons. No attempts will be 
made herein to interpret the results observed in other amino acids in terms 
of possible modes of incorporation because, with such low specific activities, 
carbon dioxide-C™ probably contributes largely to the activities observed. 

Glycine itself was the most radioactive amino acid isolated from gluten 
labelled via glycine-1-C' (Table III). Since most of the activity of this 
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TABLE II 


Distribution of carbon-14 among components of wheat meals 








K2SO, Total 
Wheat soluble Ether (except 
meal Gluten protein Starch soluble Bran meal) 





Weight recovered, 
g/plant 

Specific activity, 
myc/mmole CO, 

C'* recovered, 
uc/plant 


Weight recovered, 
g/plant 

Specific activity, 
myuc/mmole CO, 

C" recovered, 
uc/plant 


Weight recovered, 
g/plant 

Specific activity, 
myuc/mmole CO; 

C** recovered, 
pc/plant 


Formate-C" injected 71 days after seeding 
0.66 0.070 0.021 0.038 0.018 0.076 0.543 


e2.8 11.3 21 4.7 0.83 10.9 

0.26 .033 .012 0.062 .001 .042 0.15* 

Glycine-1-C" injected 71 days after seeding 

0.77 .098 .032 0.44 0.023 .077 0.67 
109 213 206 85.0 38 74 


2.98 0.90 0.20 1.32 0.05 0.21 2.68* 


Glycine-1-C"* injected 77 days after seeding 


0.78 .096 .030 -45 0.023 .079 0.68 
77 145 13.1 4.4 36 
1.20 32 13 ap .005 .10 . 78* 





*Soluble”’ materials are assumed to contain carbon-14 not recovered from the meal. 


TABLE III 


Labelling of amino acids in radioactive wheat glutens of plants 


labelled 71 days after seeding 








Specific activity (muc/mmole CO.) 











Formate-1-C' Glycine-1-C' 

Amino acid Total 1-C Total 1-C 
Glutamic acid 10.4 22 198 285 
Arginine 10.5 10* 85 91 
Proline 8.0 13 103 133 
Aspartic acid 11.0 10.5 81 99 
Threonine 4* 11* 56 77 
Alanine 17.0 20.1 

Serine 58.0 24 1,730 4,820 
Glycine 36.6 21.5 2,980 5,230 
Methionine 57.0 10* 59 100* 
Leucine 34 6* 51 68 
Isoleucine 3.0 4* 23.0 23 
Valine 3.0 3” 31 50 
Histidine 12.6 7” 32 41 
Lysine 5 ig 13 34 
Tyrosine 9.6 i” 102 123 
Phenylalanine 9.4 10* 71 120 





*Approximate values only. Sample counting rate less than one-half background count. 
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glycine was found in the carboxyl group it is probable that the tracer, glycine- 
1-C'4, was incorporated directly into the protein. The labelled glycine re- 
covered from the gluten represented about 3.3% of the activity injected and 
about 10% of the carbon-14 present in the mature kernels. Serine was the 
next most actively labelled amino acid possessing about 17 times the average 
specific activity of other amino acids. It is estimated that about 32% of the 
carbon-14 in gluten occurred as glycine, and 27% as serine; thus these two 
amino acids together account for almost 60% of the carbon-14 in the protein 
whereas they comprise only slightly more than 8% of the mass.* The 
carboxyl carbons of amino acids labelled with glycine-1-C' were generally of 
higher specific activity than the average for the remaining carbons in the 
skeleton of corresponding amino acids. 

The data obtained by degradation of the methionine from wheat labelled 
with formate-C'‘, though subject to an error of perhaps 10% (experimental 
methods), shows that about 60% of the carbon-14 is localized in the methyl 
group. The result is considered as evidence that formate carbon can serve as 
a source of the methyl group of wheat gluten methionine (15). 

Alanine from the formate-C™ labelled gluten was also degraded but no 
striking localization of carbon-14 was noted, the specific activities of carbons- 
1, 2, and 3 being 20, 16, and 10 muzc/mmole CO, respectively. Glutamic acid 
from gluten labelled with either formate-C' or glycine-1-C™ also have the 
carbon-14 localized to some extent in carbon-1 and have somewhat less activity 
in carbon-5 than that of the calculated average for carbons 2, 3, 4, and 5. 
(Formate-C"*: calculated av. sp. act. carbons 2, 3, 4, and 5 = 7.6; ob. sp. act. 
carbon-5 = 5.8. Glycine-1-C": cal. av. sp. act. carbons 2, 3, 4, and 5 = 176; 
ob. sp. act. carbon-5 = 130. (Sp. act. as muc/mmole CO>.)) 

Degradation of the serine obtained both via formate labelling and glycine- 
1-C'4 indicated a specific incorporation of carbon-14 (Fig. 1). The formate 
moiety or some one-carbon fragment derived from it evidently contributed 
strongly to the third carbon of serine; whereas the fact that about 90% of 
the activity in serine produced by way of glycine-1-C'™ was found in carbon-1 
suggests that glycine has been used fairly directly for the production of 
carbons-1 and -2 of serine. It is noted that the carbon-1 of serine isolated 
from gluten is only slightly lower in specific activity than was the carbon-1 
of the glycine isolated from the protein. It is suggested, on the basis of the 
combined observation with formate and glycine, that the incorporation of 
carbon-14 into serine proceeded, at least in part, by condensation of the 
formate carbon with carbon-2 of glycine. Enzymatic reactions for the inter- 
conversion of serine and glycine which involved formate carbon as the source 
of the carbon-3 of serine have been postulated for other systems (1, 2). They 
could well explain the present results. The data provides no information 
about how or at what stage the necessary reduction of formate has taken place 
or about possible intermediates in the process. 


*Gluten was assumed to contain 3.5% of glycine (16), and 4.7% serine (16). Wiseblatt 
and McConnell found 6.0% serine in gluten (17). According to this value the serine would 
account for 34% of the gluten carbon-14. 
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Fic.1. Distribution of carbon-14 in serine samples from gluten labelled by glycine-1-C' 
and by formate-C'*. The specific activities of carbons 1, 2, and 3 from serine labelled 
via glycine-1-C' were 4820, 280, and 260 muc/mmole CO; respectively; from carbons 1, 
2, and 3 of serine labelled via formate-C" 24, 23, and 152 respectively. 


These results are of special interest in view of recent work by Linko and 
Virtanen (18), who, while studying the utilization of pyruvate-2-C™ by 
Asplenium septentrionale, observed that serine became labelled before glycine. 
They concluded that the former amino acid was not synthesized from glycine 
and cited as supporting evidence the results of experiments by Tolbert and 
Gailey (19) on the labelling of amino acids in wheat leaves by C'*4O.. How- 
ever, the latter authors reported data for the total carbon-14 contents of serine 
and glycine which, unlike the specific activity data, cannot be used to draw 
firm conclusions about the sequence of formation of amino acids. The results 
of Linko and Virtanen seemed to be satisfactorily explained on the basis of 
fairly direct formation of serine from 3-carbon fragments such as phospho- 
glyceric acid. Tolbert and Gailey, on the other hand, consider their data 
more in accord with the concept of serine and glycine formation from a two- 
carbon fragment such as glycolic acid. This interpretation appears sound 
and would be in accord with the results of the present study. 

Although the interconversion of glycine and serine appears to be a general 
reaction occurring in animals, microorganisms, and plants, the intermediate 
steps and the factors affecting the relative rates of the ‘forward and backward” 
reactions are not as yet clear. These relative rates may differ greatly from 
one plant to another and even vary from one part of the plant to another or 
with the stage of plant development. It is conceivable also, that these 
relative rates are a manifestation of the comparative rates of formation of the 
two amino acids from a common precursor into which each may be reconverted. 
Accordingly a net synthesis of serine from glycine occurs in some systems, and 
a net synthesis of glycine from serine occurs in others. Further investigations 
are necessary but the present study strongly suggests that the conditions in 
maturing wheat plants favor the formation of serine from glycine. 
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THE EFFECT OF AGE ON THE ELASTICITY 
OF HUMAN ILIAC ARTERIES! 


Maroot R. RoAcH AND ALAN C. BURTON 


Abstract 


Autopsy specimens of iliac arteries of 63 individuals of ages between birth 
and 91 years have been used to measure pressure-volume curves from which 
elastic diagrams, i.e. tension vs. elongation, and ‘elastances’ were deduced. Fora 
smaller number of specimens, the longitudinal elastance was also measured. The 
resistance to deformation was also derived from the amount of excess pressure 
outside, which was required to empty the vessel (collapse pressure). The mean 
curves of tension vs. stretch for the different age groups showed a remarkable 
increase in resistance to stretch with age for both circumferential and longitudinal 
elastance. The incidence of atherosclerosis, shown by the independent grading 
of the histologist, increased with age, but vessels not showing atherosclerosis 
also showed a significant increase in ‘elastance’ with age. The thickness of the 
arterial wall was increased from birth to age 20 (about 3 times) but did not change 
significantly thereafter. There was a significant trend for the diameter of the 
lumen to decrease after age 30. This was not accounted for by intimal thick- 
ening, found in some specimens of greater age. Biophysical analysis in terms of 
the quantity of collagen fibers present in the wall suggests that not only does the 
quantity of collagenous material increase with age, but more importantly, the un- 
stretched length of these fibers decreases with age, as the ‘slack’ in them is taken 
up, possibly by cross-linkages or adhesions. 


Introduction 


Previous papers (1, 2) from this laboratory have shown how to measure 
accurately the pressure-volume curves of excised blood vessels and how to 
obtain tension—length diagrams for the vascular wall from these, by use of 
the law of Laplace. The shape of such tension—length, or ‘elastic’ diagrams, 
is characteristically convex to the length axis, i.e. the tension increases more 
rapidly as the degree of stretch increases (3). This property has been shown, 
by differential digestion of elastin and of collagen fibers, to be due to the pres- 
ence in the wall of these two different tissues, of very different elasticities (2). 
The collagenous fibers are much more resistant to stretch than are the elastic 
fibers, but do not reach their unstretched length until the wall is considerably 
stretched. Because of this, the initial slope of the tension—length diagram is 
an approximate index of the number and state of elastin fibers in the wall, 
while the final slope reached at high degrees of stretch (corresponding to the 
physiological and higher blood pressure) is an index of the number and state 
of the collagenous fibers in the restricting ‘jacket’ of the blood vessel. 

. Continuation of the work on autopsy specimens of iliac arteries has now 
provided a sample of some 80 specimens from 63 individuals, of ages from birth 
to 91 years. Fifty of the individuals were male, 13 female. The cause of 
death was very varied and in most cases would have no particular bearing on 
the state of the blood vessels, though of course, in the older individuals there 

1Manuscript received November 20, 1958. 
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were several described as having had chronic cardiovascular disease. All that 
can be said is that the sample was ‘random’, being obtained from three hospitals 
in London and one in Saint John, N.B., in the course of three summers. 


Method of Measurement 


This has been described in detail in the earlier papers. A length of 1 to 
3 cm of excised external iliac artery was dissected free of attachments, a glass 
plug was tied in one end, and the other end mounted on the cannula of the 
apparatus. This consisted of a micrometer-screw head by which the volume 
in the system could be increased or decreased by accurately known amounts, 
and a U-tube mercury manometer of small bore to read the pressure at which 
a given volume was reached. By stopcocks, the blood vessel could be cut off 
from the system and the ‘apparatus curve’ obtained, i.e. that due to the fact 
that a change of pressure was associated with a small change of volume in the 
apparatus itself. Subtraction gave the pressure-volume curve of the vessel. 
Absolute volumes were obtainable, since the vessel could be emptied completely, 
by applying ‘negative’ pressure, thus giving the zero reading for volume. 
The length of the vessel was measured with a traveling microscope, and this 
enabled a calculation, from the volume, of the average cross-sectional area of 
the lumen, and thus the average radius. The circumferential tension in the 
wall was then, by the law of Laplace, equal to the product of the pressure and 
this average radius. To investigate the ‘longitudinal elasticity’, the increase 
in length of the artery was measured simultaneously by means of a traveling 
microscope. 


In plotting tension—length diagrams, the differences in initial radius of the 
different vessels were eliminated by plotting the tension vs. the percentage 
increase in circumference (i.e. length of circumferential fibers) over that of 
zero intraluminal pressure. Similarly the longitudinal stretch was expressed 
as a percentage increase over the length at zero pressure. Previous work had 
justified this (1, 2) and it is the proportional increase (i.e. elongation expressed 
as a fraction of the original length) that enters into the equations of elasticity. 


In order to estimate the thickness of the wall of these vessels, segments of 
these were fixed in formaldehyde, and embedded in paraffin blocks. From 
each block two sections were cut and stained for elastin fibers and for colla- 
genous fibers (Wiegert and Van Gieson stains respectively). With a calibrated 
eyepiece scale, the thickness of the media and of the intima were estimated, 
using the average of 10 different diameters across the section. It was not 
possible to make any reliable estimate of the thickness of the adventitia. 


The same sections were given to a pathologist (Dr. R. C. Buck of the Depart- 
ment of Microanatomy) who graded them (grade 0, 1, 2, 3) according to the 
degree of atherosclerosis that was evident. Each section was given a code 
number and he had no knowledge of the age of the vessel, or of the elastic 
properties found. 
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Calculation of Elastic Constants 


Young’s modulus of elasticity, Y, of the tissue of the artery wall would be 
calculated according to the standard definition of such moduli: 


Force/unit area of cross section = Y X (Al/l9) [1] 


where Al is the elongation, and J) the ‘unstretched’ length, i.e. the length at 
which no elastic tension is elicited. The calculation of the force per unit area is 
different for the ‘circumferential’ (or tangential) elasticity and for the ‘longi- 
tudinal’ elasticity. 

For the circumferential elasticity, Y., the force, or tension in the wall, is 
given by the law of Laplace for a cylinder, i.e. the force in dynes per unit 
length of the vessel is the product of the pressure P, in dynes/sq. cm, and the 
radius of the cylinder, R, in cm. The cross-sectional area involved is that 
which is revealed by a longitudinal cut of the wall (Fig. 1a). For unit length 
of the vessel, this area is obviously equal to ¢ sq. cm where ¢ is the thickness of 
the wall incm. We have therefore: 

Y.X(AC/Co) =P.R/t 
or 


Y.=P.R/t(AC/Co) [2] 


where AC is the increase in circumference, and Cy the unstretched circum- 
ference. 


(a) CIRCUMFERENTIAL 
AREA = tsq.cms. per unit length 
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Fic. 1. The calculation of ‘circumferential’ and ‘longitudinal’ elastic constants. 








In the case of the longitudinal elasticity, Y:, the force over a cross-sectional 
area of the wall must equal the force that would be exerted over the imaginary 
plane end of the cylinder (Fig. 1b), ie. to PX2R* dynes. The cross-sectional 
area involved is that of the wall revealed by a transverse cut of the cylinder, 
ie. 2tRt sq. cm. The force per unit area is therefore zR*P/2zRt, or PR/2t. 
Note that this is half the value of the force per unit area in the case of the 
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circumferential elasticity. For the longitudinal elasticity, we have therefore: 
Y,;=P.R/2t(Al/lo) [3] 


where A/ is the longitudinal elongation, and /) the unstretched length. 

We had to recognize that the estimates of the thickness ¢ of the wall from 
one, or at the most two, fixed and stained sections, were very rough and not 
truly representative of the whole segment of artery. Also it was not possible 
to estimate the thickness of the loose adventitia. It seemed better, therefore, 
not to spoil the calculations of elastic behavior from the accurate volume— 
pressure determinations by introducing uncertain values for ‘thickness of wall’ 
into the calculation for each vessel. Rather we use ‘elastances’ instead of 
Young’s moduli, defining these as the modulus multiplied by the thickness of 
the wall, i.e. 

E.= Y.Xt=P.R/(AC/Co) [4] 
and 
E,= Y,;Xt=P.R/2(Al/lo). [5] 


This will not interfere with the results as to the relative elasticity, circum- 
ferential vs. longitudinal. However, the average change of the ‘elastances’ 
with age will have to be examined to see whether or not it could be explained 
on the basis of a change in thickness ¢ of the wall. This was done by examin- 
ing a scatter diagram of the thickness vs. the age. Finally, rough estimates of 
the Young’s moduli were made on the average results, by multiplying the 
appropriate ‘elastance’ by a mean thickness of wall, so that the elastic behavior 
of the wall could be compared with that of known materials. 


Results 


(a) Incidence of Degree of Atherosclerosis with Age 

Table I shows the result of the assessment of the pathologist (Dr. R. Buck) 
on the sections of the arteries he examined, without knowledge of the other 
results. By the age of 60, two-thirds of the vessels showed some pathological 
changes. 


TABLE I 


Distribution of ‘grades of atherosclerosis’ 
in different age groups 











Age group 0-10 10-20 20-40 40-50 50-60 60-70 70-80 80-100 
Total No. 5 3 8 12 19 12 18 5 
Grade 0 5 3 7 10 11 4 4 3 
Grade 1 0 0 1 1 4 4 4 2 
Grade 2 0 0 0 1 i 4 5 0 
Grade 3 0 0 0 0 3 0 5 0 
% grade 1, 2, or 3 0 0 13 17 42 67 78 40 





(b) Changes in Thickness of the Wall with Age 


Figure 2 shows scatter graphs for the estimated thickness of the media and 
of the intima, and for the sum of these. Those showing no sign of atheroscle- 
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Fic. 2. Scatter graphs of the microscopically estimated thickness in mm of the layers 
of the artery wall. Those graded 0 by the pathologist on the left, grade 1 (+), 


grade 2 (0), and grade 3 (A) on the right. The broken lines include 90% of the points for 
grade 0 vessels. 


rosis in the sections (grade 0) show remarkably little scatter. After the growth 
of the individual is complete, the thickness of the media has a mean of 0.6 mm, 
with no significant trend with age. For the intima the mean thickness, after 
the period of growth, is about 0.07 mm. A few vessels of age above 70 showed 
intimal thickening, though they had been graded by the pathologist as grade 0. 
The graphs (Fig. 2, right hand side) for vessels graded 1, 2, and 3, on the other 











562 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 37, 1959 


hand, show that for grade 1 there is no significant medial thinning but already 
a tendency to intimal thickening, while for grades 2 and 3, both medial thinning 
and intimal thickening is marked. The mean intimal thicknesses in four of 
the sections, of ages above 50, were actually 0.5mm or greater. As the 
result of this combination of tendencies, for the intima to be thicker with age 
and for the media to be thinner, the combined thickness, media plus intima of 
the vessels graded 1, 2, and 3, was usually within normal limits (Fig. 2). Of 
course, the absolute values for the thickness must be treated with caution, in 
view of the possible shrinkage in fixation, which might at the most amount 
to 20%. 
(c) Changes in Size of Lumen with Age 
From the volume and length of the vessels at zero transmural pressure the 
average radius of the lumen could be calculated (Fig. 3). There is a significant 
trend for the diameter of the lumen of iliac vessels to be greatest in the middle 
ages. The tendency is the same whether or not the pathologist recognizes 
signs of arteriosclerosis. Above age 60 some of the vessels had lumina no 
wider than the vessels of those of 10 years of age. This trend to narrowing of 
the arteries after age 30 is statistically significant. For example, the mean 
MM 
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Fic. 3. Scatter graph of the calculated radius of lumen of vessels of different ages. 
Grade 0 (*), grade 1 atherosclerosis (+), grade2 (O), grade3 (A). Thetrend lineisdrawn 
through the means for the different age groups. 
radii and the standard errors of the mean are for the age group 20-50 years, 
3.66+.124 mm (21 vessels) while for the age group 70-90 years they are 
3.15+.109 (22 vessels). The difference between the means is significant at 
the 1% level of significance. The trend line on Fig. 3 is drawn through succes- 
sive means of age groups. The coefficient of correlation and the regression line 
were also calculated for all the data of age 30 and over. The regression 
equation is, in mm, 


R=4.54—.020X (age in years) 
with a standard error of estimate of +0.47 mm. The coefficient of correlation 
is 0.60 and is highly significant (P<0.001). 
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(d) Tension—Length Diagram of Different Age Groups 

Figure 4 shows the quite remarkable progressive change in shape of the elastic 
diagrams with age when all of the results are grouped by age as indicated. 
The curves for the means of the groups in no case cross each other, and are 
significantly different from each other as shown by the standard errors of the 
means, indicated by broken lines in the figure. With increasing age the slope 
increases at a lower degree of % elongation, and reaches a higher final value. 


(e) Changes in Circumferential Elastance with Age 

Three elastances were derived from the ‘slope’ of the tension—length diagrams 
of each vessel. The three values so calculated were (a) the initial slope, 
representing the elastance at zero stretch of the wall, (b) the final slope, at 
high degrees of stretch. In most cases the curves closely approximated straight 
lines in this region. (c) The slope at a point on the curve that corresponded 
to distension by a pressure of 100 mm Hg. This might be called the ‘physio- 
logical’ elastance, relevant for the normal blood pressure in these arteries. 











NO. IN GROUP a 32 31 
AGE GROUPS 80-100 60-80 40-60 9 
20-40 

uw 60-4 
w” 
” 
Ww 
> 

4 
w 
oO 
x '!20-+ 
— 
oO 
z 
w 
= d 
= 
oO 
~ 00- 
= 
°o 
- 4 
a 
< 
= 
z 40- 
z 
° 4 
w” 
z 
w 
om 

re) 

re) 20 40 60 80 100 % 


PERCENT INCRE ASE IN CIRCUMFERENCE 
Fic. 4. Mean tension-length diagrams of iliac arteries for different age groups. The 
broken lines represent one standard error of the mean at the points on the curves where 
they are drawn. 

The elastances calculated for the individual vessels were grouped as to age, 
and mean values are used in Fig. 5. This procedure is considered to be more 
reliable, statistically, than calculations of mean elastance from the slopes of 
the smoothed curves of Fig. 4. The results, however, would differ little. 
The general trends in Fig. 5 are significant, though the changes in slope from 
one age group to the next are probably due to sampling errors. The significant 
fact is that both the ‘initial’ and the ‘final’ elastances increase by a factor of 
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Fic. 5. Mean elastances for the different age groups in 10° dynes/em per 100% 
elongation. The trend to increase with age is shown to be independent of the pathological 
grading. 

2 or 3 between the ages of 30 and 90. The ‘physiological’ elastance increases, 
in the same age range, only about 60%. This appears at first sight paradoxical, 
but not when it is realized that the point on the tension—length curve corre- 
sponding to a pressure of 100 mm Hg moves towards a lower degree of stretch 
in the older vessels, as the necessary tension is reached at much less elongation 
of the fibers. 

Lest the use of successive group means should give a false confidence in the 
statistical validity of the trend, scatter graphs including all the data were 
analyzed by the methods of correlation and regression. There was a high 
degree of scatter but correlations with age were significant to the 5% level. 
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Fic. 6. Comparison of ‘circumferential’ and ‘longitudinal’ tension-length diagrams 
for a single vessel. 
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In the case of the initial elastance the coefficient of correlation was 0.31 
(P <.05) and in the case of the final elastance, 0.29 (P<.05). 


(f) Changes in Longitudinal Elastance with Age 


The data on longitudinal elastance was available for vessels of 19 individuals 
of ages from 33 to 91 years. The tension—length diagrams were similar in 
shape to those for circumferential stretch, but the slope became steep and 
constant at its final value at a much lower elongation, usually less than 10%. 
Fig. 6 shows circumferential and longitudinal elastic behavior for a single 
vessel. Only the ‘final elastance’ was calculated in the case of longitudinal 
stretch, and the marked regression with age is shown in Fig. 7. The coefficient 
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Fic. 7. Longitudinal elastance vs. age for 19 individuals. 


of correlation was 0.75 (P<.01). The mean elastance at age 30 was 11.9105 
dynes/cm/100% elongation, and at age 80 it had risen to 32.8. The increase 
with age is therefore very similar (about 3 times between 30 and 80) to that 
for circumferential elastance. 


(g) ‘Collapse Pressures’ 


As in previous work (1, 2) it was found that an excess pressure, over that 
inside, was required on the outside of these arteries to make them collapse so 
that the volume contained was zero. The excess pressure required, which we 
call the ‘collapse pressure’ is, of course, a measure of the resistance of the blood 
vessel wall to deformation since the vessels close ‘flat’ (e.g. like surgical 
drainage tubing). This is a property of the wall distinct from its resistance to 
stretch which is measured by our ‘elastances’. The collapse pressure could be 
estimated from the volume—pressure curves of each individual vessel. The 
scatter graph with age is shown in Fig. 8. Even in the youngest vessels it 
requires at least 30 mm Hg (or more) excess pressure to produce collapse, 
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and there is a significant increase in this pressure with age up to a mean of 
60 mm Hg. The regression equation is, in mm Hg, 


P=29.6+0.36 X (age in years) 


with an error of estimate of +15.4 mm Hg. The coefficient of correlation is 
0.45 and is significant, (P<.01). 
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Fic. 8. ‘Collapse pressures’ of iliac arteries at different ages. Symbols for grades 
of atherosclerosis as in Fig. 2. 


These very high values of excess pressure required to collapse arteries raise 
important questions which are outside the subject of this paper. One wonders 
how the indirect Riva-Rocci cuff method for blood pressure on the arm can 
give a correct estimate of systolic pressure if the brachial artery also has as 
great a ‘collapse pressure’. Investigations on this point have been started. 


Discussion 


The question naturally arises whether the increase in both circumferential 
and longitudinal elastance with age is associated with the increased incidence 
of arterioscierosis, as recognized in one or two sections of the vessel by the 
pathologist. This question is answered by a regrouping of the results, separ- 
ating those vessels given grade 0 from the others, and calculating means of age 
groups for ‘grade zero’ vessels only. The result has been shown in Fig. 5 
(broken lines). It is evident that these ‘normal’ vessels show just the same 
trend in elastance as do the whole group, including those with recognizable 
arteriosclerosis. There must be an ‘aging’ effect on the vessel wall which is 
not necessarily detected by microscopic examination of isolated sections. 

To what can we attribute the increasing elastance? It cannot be on the 
basis of an increased thickness of the wall, as Fig. 2 shows that after the period 
of growth there is no trend in the thickness of the wall (at least of media and 
intima). The increase in elastance probably represents an increase in the 
number of collagenous fibers in the wall per unit of cross-sectional area. By 
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using the mean value for the thickness of media plus intima from Fig. 3, 
i.e. 0.7 mm at all ages above 30 years, we can estimate the Young’s moduli 
(Table II). This assumes that the adventitia adds a negligible resistance to 
stretch. 


TABLE II 


Estimates of Young’s modulus for the arterial 
wall in dynes/sq. cm/100% stretch 











Age 30 Age 80 Ratio 80/30 

Circumferential 

At zero stretch (initial) 1.4105 6.5105 4.6 

At high stretch (final) 7X10° 1.8X107 2.6 

At 100 mm Hg (physiological) 5X 105 9x10° 1.8 
Longitudinal 

At high stretch (final) 1.7107 4.9107 2.9 
Elastin fibers (ligaments) 3x 108 
Collagenous fibers (tendons) 110° 
Rubber 4x10? 





Even the highest estimate of the Young’s modulus at high stretch is many 
times less than the values estimated for collagen fibers themselves, as obtained 
from data on tendons where the fibers are closely packed. The arterial wall in 
old age, though it has had an invasion by collagenous fibers, is still very 
distensible compared to tendon, and even compared to rubber. 

The increase with age in the moduli for zero stretch can also be easily 
explained by the invasion of the wall by a few collagen fibers having a low 
unstretched length, so that they come into effect at the lowest elongations. 
The alternative explanation, that there was an increase in the density in the 
wall of elastin fibers, is inconsistent with the finding of Hass (4) and of others(6) 
that (in the aorta) the amount of elastin does not increase with age. Also, the 
increase in number of elastin fibers would have to be fourfold to explain the 
increase in elastic constant, while a very small addition of collagenous fibers 
(strung tightly, with low unstretched length) would account for it. An in- 
creased incidence of what Hass calls ‘juxtalamellar collagenous splints’ might 
well be responsible. 


Results for Very Young Arteries 


In general, our results on the changes of elasticity with age agree with those 
of Hass, who hung weights on rings of aortae and measured their extension (5). 
This method, of course, involves deformation of the rings as well as stretching 
of the wall, and so the results cannot be interpreted in terms of Young’s 
modulus alone but would involve what we measure by ‘collapse pressure’ also. 
He states (4): ‘‘The intact vessel (aorta) has low elasticity in infancy and in 
old age.” [‘Low elasticity’ evidently means ‘low distensibility’.] While our 
results agree as to old age, there is no indication of a decreased distensibility in 
our five specimens less than 10 years old. On the contrary, the mean elastance 
increased between birth and 20 years by a factor of about 2. In the same 
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period the thickness of the wall has increased about threefold, so the Young’s 
modulus may have slightly decreased (not statistically significant from our 
data). This, however, is very different from a decrease in actual distensibility. 
We would have to conclude, from our data, that the iliac arteries from young 
subjects were more, not less, distensible due to the thinness of the wall, though 
the Young’s modulus might be slightly increased. 


Comparison of Age Effects with Experimental Atherosclerosis 

Our results show a marked and statistically significant effect of age on both 
the resistance to stretch (elastance) and the resistance to deformation (collapse 
pressure). In contrast, Nichol (1) found that cholesterol feeding of rabbits 
produced no significant increase in resistance to stretch of the wall of the rabbit 
aorta, but a marked increase in resistance to deformation (collapse pressure). 
This distinction would support the contention of many workers that experi- 
mentally produced atherosclerosis of this type may differ in important respects 
from that of aging. 


Biophysical Analysis of the Changes in Elastance with Stretch and with Age 


At this present time there is a lively controversy as to the possible qualitative 
changes in collagen in tissues of different ages. This subject has recently 
been reviewed by Bensusan (6). If collagen itself changes its elastic properties 
with age, interpretation of the changes in elastance with age in terms of the 
amount of collagen present, or the number of collagen fibers in the wall, would 
of course require modification. In the analysis that follows, we assume that 
the changes are in quantity rather than quality. The question, of course, does 
not arise in the interpretation of the increases in elastance as a given arterial 
vessel is stretched more and more (Fig. 4). Figure 9A has been drawn to 
show quantitatively how the slope of the tension—length curves increases with 
the degree of elongation, for the mean tension—length curves of the age groups 
20—40 and 80-100 years. It is obvious that, with increased age, the elastance 
not only reaches a higher final maximal value at high degrees of stretch, but 
also reaches that value at a much smaller elongation. 

The slope of tension—length curves, i.e. the ordinate of Fig. 9A, can be 
considered to be proportional to the total number of collagen fibers that are 
contributing to the tension, i.e. the number that have reached their ‘unstretched 
length’, Jo, and so are being stretched. As the elongation is increased, more 
and more reach this condition. This is the obvious explanation for the rise in 
elastance with elongation. Let us consider a distribution curve, or histogram, 
of the number of fibers vs. their unstretched lengths expressed in terms of the 
% elongation, e, of the wall (Fig. 9B). The ordinate will be the number 
(AN) of fibers having unstretched lengths between e and (e+Ae). When 
the elongation is e, the total number of fibers ‘in action’, i.e. that have already 
reached their unstretched length, will be given by the area under the curve 
of Fig. 9B up to the ordinate erected at the value e of the elongation. Thus 
the ordinate of Fig. 9A must be proportional to the area of the curve of Fig. 9B 
below. In other words, the curve of Fig. 9A must be the integral of the curve 
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Fic. 9. A. Rise of elastance with degree of % elongation at ages 20-40, and ages 
80-100. B. Distribution of number of collagenous fibers vs. their degree of ‘slack’ 
deduced from A. 


of Fig. 9B. Conversely, we can derive the histogram of Fig. 9B by differenti- 
ating the function of Fig. 9A, and the distribution curve is simply (d*7/de?). 
This is the way in which the two distributions shown in Fig. 9B were calculated. 

The result shows clearly that while the total number of collagen fibers, or 
the total cross-sectional area of collagen, increases in the arterial wall by about 
60% between the two age groups (this is given by the ratio of the maximum 
ordinates of Fig. 9A or by the total areas under the curves of Fig. 9B) there has 
been an even more marked change in the distribution of unstretched lengths. 
Whereas in the younger group the mean is at 70% elongation, and 50% of 
the fibers have reached their unstretched lengths at 60% elongation (the 
median), in the older group, the mode is at 30% elongation and the median at 
25% elongation. 

This marked ‘taking up of the slack’ in the collagenous fibers with advancing 
age may well be the result of increased cross-linkages between parallel colla- 
genous fibers, or to ‘adhesions’ between them by cement substance. This 
change in the architecture of the wall with age is just as important in the elastic 
behavior as is the well known increase in the total content of collagen, 
corresponding to ‘diffuse fibrosis’. 
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RELATIVE PRODUCTION OF FLUORESCENT AND 
UV-ABSORBING STEROIDS BY INCUBATED RAT ADRENAL 
GLANDS! 


CLAUDE FORTIER 


Abstract 


Silber’s fluorometric method for corticosteroids was used concurrently with 
Saffran’s UV-absorption method for A 4-3-keto-steroids to determine the relative 
production of fluorescent and UV-absorbing compounds by incubated rat adrenal 
glands, in the presence or absence of ACTH. The production of both types 
was markedly increased by ACTH. The F/UV ratio, close to unity after 15 
minutes of incubation with or without ACTH, decreased to values of 0.51 for 
non-stimulated, and 0.62 for stimulated glands, after 2 hours. The similarity of 
these values with the red./UV ratios, observed by Elliott et al. under comparable 
conditions, suggests that the compounds determined by fluorometry correspond 
to the blue tetrazolium-reducing steroids with a-ketolic side chains, characterized 
by these investigators. The nature of these steroids, and of the UV-absorbing, 
non-reducing, non-fluorescent material is discussed in the light of chromato- 
graphic findings. Concurrent assays of rat pituitary extracts by the UV- 
absorption and fluorometric methods, in Saffran and Schally’s adrenal incubation 
system, yielded comparable results. 


On the basis of concurrent determinations of steroid production by incubated 
rat adrenal glands by means of the UV-absorption method of Saffran et al. 
(1, 2) for A 4-3-keto-steroids, and of the tetrazolium chloride derivative 
(M. & B. 1767) method of Mader and Buck (3) for steroids with an a-ketol 
side chain, Elliott et a/. (4) found consistently higher values with the UV than 
with the chemical method, in the presence or absence of ACTH. They con- 
cluded that, in addition to the known corticosteroids, the isolated rat adrenal 
produces substances with an a,@-unsaturated ketone group but without the 
characteristic a-ketol reducing side chain. A recently developed fluorometric 
method for corticosteroids (5, 6) has made it possible to study the relative 
production of fluorescent and UV-absorbing steroids in vitro, and to compare 


their utility as response metameters in Saffran and Schally’s (7) assay for 
ACTH. 


Methods 


Quartered adrenal glands, from 32 female Sprague-Dawley rats (120-130 g, 
B.W.) killed by decapitation, were distributed into four homogeneous sets of 
eight lots made up of eight quarters from different donors. The lots were 
weighed to the nearest 0.05 mg, and allocated to 20-ml beakers containing 
1.5 ml of Krebs—Ringer—bicarbonate—-glucose medium (7), freshly gassed with 
95% Ov; 5% COx. Following preincubation for 1 hour in a Dubnoff Metabolic 
Shaking Incubator, at 38° C, and in a water-saturated atmosphere of 95% Oz; 

1Manuscript received July 23, 1958. 
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5% COs, the fluid was aspirated off, and replaced with 1.4 ml of fresh medium. 
In two of the four sets, 20 milliunits (mU)/100 mg adrenal of U.S.P. Reference 
Standard Corticotropin dissolved in 0.3 ml of 0.01 N HCl was added to each 
beaker. In the remaining two sets, an equivalent volume of dilute HCI was 
added. Incubation was resumed for periods of 15, 30, 60, and 120 minutes 
(for two units of each set), at the end of which 1 and 0.1 ml of the media were 
respectively used for determination of UV-absorbing compounds by the 
spectrophotometric method of Saffran and Schally (7), and of fluorescent 
steroids by a modification (6) of Silber’s method (5). 

In an additional experiment, two HCl-extracted (8) rat pituitary samples 
were separately assayed (at dose levels of one (U') and three (U?) fiftieths of a 
gland in 0.3 ml of 0.01 N HC1/100 mg adrenal) against U.S.P. Reference 
Standard Corticotropin (at doses of 10(S') and 30(S*?) mU/100 mg adrenal, 
in the same volume of dilute HCl) in Saffran and Schally’s adrenal incubation 
system (7) by the UV-absorption and fluorometric methods. The results 
were computed and tested for validity by means of Bliss’s methods for factorial 
analysis and analysis of variance (9). 


Results and Discussion 


A. Invitro Production of Fluorescent and UV-absorbing Steroids 

The production of both fluorescent (F) and UV-absorbing steroids in vitro 
(Fig. 1) was markedly accelerated by ACTH. The F/UV ratio (Table I), 
close to unity after 15 minutes of incubation with or without ACTH, progres- 
sively decreased to values of 0.51+0.03 for non-stimulated, and 0.62+0.02 
for stimulated glands, after 2 hours. The similarity of these values with the 
red./UV ratios of 0.53+0.03 and 0.61+0.06, observed by Elliott et al. (4) 
under comparable conditions, suggests that the compounds determined by 
fluorometry correspond to the blue tetrazolium-reducing steroids with a-ketolic 
side chains, characterized by these investigators. 


TABLE I 


Fluorescent/UV-absorbing steroid (F/UV) ratio during incubation 
of rat adrenal glands with and without ACTH 








Duration of incubation (minutes) 











Addition 15 30 60 120 
None 1.32 +0.27 0.89+0.13 0.68 +0.07 0.51+0.03 
ACTH, 20 mU/100 mg 0.94+0.05 0.70+0.02 0.63 +0.03 0.62 +0.02 





From the absorbance curves and elution values of chromatographed extracts 
of adrenal incubation media in the toluene— propylene glycol system of Burton 
et al. (10) and their own heptane—toluene—methanol—water system, Elliott 
and Schally (11) found that the UV-absorbing, tetrazolium-reducing material 
was equally distributed among the B and F sections of the chromatograms, in 
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Fic. 1. Relative production of fluorescent and UV-absorbing steroids by rat adrenal 
glands incubated with and without ACTH. The standard errors of the means are 
indicated by T-shaped bars. 


the case of media from non-stimulated glands, but mostly, though not ex- 
clusively, concentrated in the B sections, when ACTH had been added. 
However, the only blue tetrazolium-reducing areas, found in chromatograms 
of our ACTH-stimulated adrenal incubates in Eberlein and Bongiovanni’s 
E2B (12) and Bush’s B5 (13) systems, had R, values corresponding to those of 
crystalline corticosterone (Clayton and Smith, unpublished).* 

The UV-absorbing, non-reducing and, according to present findings, non- 
fluorescent material was found by Elliott and Schally (11) in all sections of 
their chromatograms, but mostly in the F and F to B areas. Its nature has 
not been elucidated. 


B. Comparative Assays by the UV-absorption and Fluorometric Methods 
Potency ratios of the same order (Table II) were obtained with the two 
methods used for assaying pituitary extracts in Saffran and Schally’s incuba- 
tion system. Lower indices of precision were yielded, in both assays, by the 
UV-absorption method. Additional data would be needed, however, to 
establish conclusively the superiority of one technique over the other. 


*Aldosterone was identified in the preincubation fluids (Clayton et al. (14)), but could not 
be detected in the media collected after the second period of incubation. 
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TABLE II 


Comparison of UV-absorbing and fluorescent steroids as response 
metameters in in vitro assays of pituitary extracts 























Assay 
ig li* 
Characteristics UV ‘aie. ster. Fluoresc. ster. UV-abs. ster. Fluoresc. ster. 
Variance ratio: Ff 
(a) Sample 0.3 0.1 21.9 3.0 
(b) Slope 25.0 11.5 143.5 35.7 
(c) Divergence 0.0 0.4 0.6 0.3 
Standard deviation: s 11.3 4.2  & 2.$ 
Combined slope: b 86.1 21.4 129.7 22.9 
% error 24.2 38.4 10.2 20.5 
{100 (antilog Sm-1)] 
Index — r 0.131 0.196 0.055 0.103 
(s/b 
Potency ratio 1.125 1.130 1.595 1.374 
(antilog M) 
95% confidence limits 0.579-2.393 0.342-6.109 1.191-2.080 0.838-2.698 
(antilog C?M + CtSm) 
ACTH concentration 58.5 58.8 83.3 74.6 
(mU/mg fresh tissue) 
95% confidence limits (30.1-124.3) (17.8-317.4) (64.3-112.2) (45.2-145.5) 





*Different extracts were assayed in I and II against U.S.P. Reference Standard Corticotropin according to 
Saffran and Schally’s original 4-point-2-dose factorial design (7). 

tAccording to Fisher and Yates’ variance ratio tables at the 5% points of e** for the given numbers of degrees 
of freedom (m/n2= 1/4), a ratio greater than 7.71 is significant (15). 
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DIETARY CHOLESTEROL AND 
PLASMA CHOLESTEROL LEVELS IN MAN! 


J. M. R. BEVERIDGE, W. F. CONNELL, H. L. Haust, anp G. A. MAYER 


Abstract 


Sixty-three men and twenty women (university students) consumed a fat-free, 
homogeneous liquid formula ration for 8 days. Groups of 8 to 11 individuals 
were then transferred to diets in which 30% of the calories were supplied in the 
form of butter oil fractions which were substituted equicalorically for carbo- 
hydrate. The most volatile fraction, which was high in cholesterol (3.83%), caused 
a great increase in plasma cholesterol. The cholesterol-poor fractions led to 
relatively small increases but when supplemented with an amount of cholesterol 
equivalent to that provided by the cholesterol-rich fraction, increases of compar- 
able magnitude were obtained. Supplementation of the fat-free diet with the 
completely saturated medium chain length triglycerides, Ce—Ci2, derived from 
coconut oil with or without cholesterol, did not cause a significant increase whereas 
coconut oil did. These results have been interpreted as indicating that relatively 
small amounts of cholesterol, depending upon the nature of fat with which it is 
associated, can in fact effect highly significant increases in plasma cholesterol 
in man. It is suggested that the substance with which cholesterol reacts is a 
specific type of triglyceride having certain fatty acids attached at the alpha, 
beta, and alpha; positions on the glycerol moiety. 


Following the report by Anitschkow (1) early in this century that the addi- 
tion of cholesterol to the rations of rabbits led to an elevation of plasma lipid 
levels and the development of a lesion simulating that of atherosclerosis in man, 
it was natural for workers of those and subsequent times to assume that a 
similar sequence of events obtained in man. All efforts so far, however, to 
demonstrate such a relationship for dietary cholesterol have met with little 
success. Indeed a review of the literature would lead one to the conclusion 
that this sterol in amounts up to several times that of the usual daily intake has 
no demonstrable effect on plasma lipid levels in man (2-9). 

A few years ago in comparing the hypercholesterolemic effect of lard, chicken 
fat, beef dripping, and butter we found that the latter was by far the most 
potent (10). Subsequently, we tested the effect of certain butterfat fractions 
obtained by a process of molecular distillation in high vacuum through the 
cooperation of the Distillation Products Industries Limited of Rochester, N. Y. 
The most volatile cut, which was high both in cholesterol and in triglycerides 
having fatty acid residues of short chain length, was the most active of the 
fractions obtained. The experiment described herewith is an extension of 
this work and is designed to provide further information on the identity of 
the hypercholesterolemic substance in butterfat. 


Experimental 


Eighty-three subjects (63 men and 20 women), university students and a 
faculty member, started on the dietary regimen and 74 (54 men and 20 women) 


1Manuscript received December 30, 1958. 
Contribution from the Departments of Biochemistry and Medicine, Queen’s University, 
Kingston, Ontario, Canada. 
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completed the feeding period. During the first 8 days everyone ate a fat-free 
homogenized diet the composition of which is shown in Table I. 
TABLE I 


Composition of basal diet.* Amounts required 
to make a 950-calorie sample 











Ingredient Amount, g Protein, g Fat, g CHO, g 
Mil-kof 28.1 10 0.1 14.6 
Casect 28.4 25 0.57 — 
Sucrose 20.0 — — 20.0 
Dextrimaltose 169.8 —_ — 166.4 
Total 35.0 0.67 201.0 
Calories 950.03 140.0 6.03 804.0 
% calories 14.74 0.63 84.63 





*Two grams iodized salt were added per 950-cal batch. A mixture of vitamins was also added to supply the 
following amounts of these substances per 950 cal: thiamine, 0.6 mg; riboflavin, 0 .6 mg; niacin, 5.0 mg; pyridoxine, 
5.0 mg; calcium pantothenate, 5.0 mg; ascorbic acid, 25 mg. 1700 1.U. of vitamin A was added per 950-cal portion. 

fA brand of skim milk powder. 

brand of calcium caseinate. 


The only other items permitted throughout the experimental period were 
water, clear tea, and clear coffee. At the end of the first 8 days, the subjects 
were divided into eight groups and transferred to diets in which fat in the form 
of a butter or a coconut oil fraction with or without a cholesterol supplement 
was substituted for carbohydrate at a level of 30% of calories. The butter 
fractions were prepared through the courtesy of the Distillation Products 
Industries Limited of Rochester, N. Y. Four hundred kilograms of butter oil 
were distilled and two cuts were taken: (1) a 10% cut and (2) a 30% cut. 
The residue (R;) accounted for 60% of the total amount of oil and contained 
0.02% cholesterol. The 30% cut was not used and the first 10% cut was 
redistilled to form two equal portions, a distillate (D) and a residue (R2), which 
contained 3.83% and 0.05% cholesterol respectively. 

The coconut oil fraction (MCT) was prepared through the courtesy of 
E. F. Drew and Co., N.Y., by saponification of coconut oil, formation and 
fractionation of the methyl esters of the fatty acids, and finally transesterifica- 
tion of the methyl esters of fatty acids, Cs—C12, with glycerol to produce the 
medium chain length triglycerides (MCT). 

Total plasma cholesterol was determined by the Schoenheimer—Sperry 
method (11) on blood obtained from the subjects in the fasting state at 0, 4, 
8, 12, and 16 days. 


Results and Discussion 


The behavior of the plasma cholesterol expressed in terms of average per- 
centage change at day 16 from the values found at day 8 is shown in Fig. 1. 
The statistical data are presented in Table II. During the first 8 days the 
plasma cholesterol levels dropped rapidly, there being no significant difference 
between the values found at 4 and 8 days, the average value in mg/100 ml 
plasma for day 0, 4, and 8 being 193.7, 139.1, and 141.2 respectively. The 
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Fic. 1. Averages of the individual percentage changes in plasma cholesterol noted 
between day 8 and 16 for groups of 8 to 11 each of university students following an initial 
period of 8 days on a fat-free diet. During the last 8 days the groups were placed on the 
dietary modifications indicated herewith in which fat supplements were substituted at a 
level of 30% of cal for carbohydrate: group 1, butterfat distillate* from first 10% cut 
which supplied 1.29 g cholesterol per 950 cal; group 2, butter fat residue (R2) from distillation 
of first 10% cut; group 3, as for No. 2 plus the amount of cholesterol supplied to No. 1; 
group 4, butterfat residue (Ri) from original distillation of butterfat; group 5, as for 
No. 4 plus the amount cholesterol supplied to No. 1; group 6, medium chain length 
triglycerides (MCT, Ce-Ci2);¢ group 7, as for No. 6 plus the amount cholesterol supplied 
to No. 1; group 8, coconut oil. 


remarkable similarity noted for plasma cholesterol levels found after 4 and 
8 days on the fat-free diet has been observed in a number of other experiments 
(12-15). Indeed in no instance has there been observed any significant differ- 
ence after 4, 8, 12, and 16 days on a fat-free diet. Group 1, which was trans- 
ferred to the cholesterol-rich distillate from the redistillation of the first 10% 
cut of the butter oil responded with a striking increaset (78.1 mg, 60.8%, 
P < 0.001) whereas group 2, which consumed the cholesterol poor residue (Re) 
from the redistillation, responded with an increase of much lower magnitude 
(32.9 mg, 28.5%). This increase, it must be emphasized, however, was also 
highly significant (P < 0.001). The addition of an amount of cholesterol§ 
equivalent to that in diet No. 1 to the butter oil residue, Re, caused an increase 
(cf. group 3) (71.8 mg, 51.8%) comparable to that seen in the case of group 


*Butterfat fractionation performed by courtesy of Distillation Products Industries Limited, 
Rochester, N. Y. 

TThe medium chain length triglycerides (MCT) were prepared from coconut oil and 
— by courtesy of E. F. Drew and Company, Boonton, N. J. 

t footnote (t) to Table II. 

§A sample of high purity obtained from the Amerocholesterol Company, New York, N. Y. 
and prepared from sheep-wool fat. 
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TABLE II 


The effects on plasma cholesterol levels of substituting butterfat or coconut oil fractions* 
of varying cholesterol content equicalorically for carbohydrate 
in a fat-free dietf at a level of 30% calories 











Mean 
difference 
between 
day 8 
and day 16 
Group No. (mg Standard 
and No. of cholesterol error of 
dietary supplement subjects$ per 100 ml) difference t 
No. 1. Butterfat 
distillate (D) from ist 10% cut 10" +78.1 7.36 10.61 0.001 
No. 2. Butterfat 
residue (R2) from ist 10% cut 11 +33.0 7.23 4.50 0.001 


No. 3. Same as for No. 2 
plus same amount cholesterol § 
supplied by D to No. 1 10 +71.8 7.44 9.651 0.001 


No. 4. Butterfat residue 
(R,) from original butterfat 
distillation 9 +11.4 4.4 2.591 0.025-0.05 


No. 5. Same as for No. 4 
plus same amount cholesterol § 


supplied by D to No. 1 9 +87.5 7.49 11.682 0.001 
No. 6. Medium chain length 
triglycerides (MCT) i + 9.7 4.38 2.215 0.05 -0.1 


No. 7. Same as for No. 6 
plus same amount cholesterol § 
supplied by D to No. 1 8 + 5.7 6.92 0.824 0.4 -0.5 


No. 8. Coconut oil 8 +23.1 8.4 2.750 0.025-0.05 





*See text for description of fat fractions. 

+All subjects ate the fat-free basal ration until day 8 at which time the supplements were added to the diet, the 
fat being substituted equicalorically for carbohydrate. 

tThere were three females in groups 1—4 and two in groups 5-8. 

$1.29 g cholesterol per 950 calories. 

"There were two well-controlled diabetics on the experiment. Since they responded with a much greater increase 
than the other subjects on transfer to the fat-containing ration their results were not included inthe table. One of 
these was in group No. 1 and his plasma cholesterol increased from a value of 98.2 mg on day 8 to 283.2 mg on day 
16 for an absolute increase of 185 mg/100 ml compared to the average of 78.1 for the rest of the group. The other 
diabetic, who was in group No. 6, went from a value of 128.7 mg on day 8 to 180.5 mg on day 16 for an absolute 
increase Of 51.8 mg compared to the average of 9.7 mg for the rest of the group. 


No. 1. The ingestion of the ration containing the cholesterol-low residue (R,) 
from the original butter oil distillation led to a small but consistent increase 
(11.4 mg, 7.5%, the P value being .025-.05). When this diet was supple- 
mented with the same amount of cholesterol as supplied to group 1, an increase 
of comparable magnitude in plasma cholesterol occurred (87.5 mg, 63.4%, 
cf. group 5). 

It should be noted that the increase in plasma cholesterol level in the case 
of group No. 2 given the residue (Rz) from the redistillation of the first 10% 
cut was significantly greater than that noted for group No. 4, which received 
the residue (R,) from the original butter oil distillation. Presumably some 
relatively volatile substance was concentrated in Re, which, together with 
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cholesterol endogenously produced and present in the bile juice, caused an 
increase in plasma cholesterol level. It is unlikely that the difference in effect 
of the two butter oil residues can be attributed to the difference in the choles- 
terol content which was in any event very low for both preparations (0.05 and 
0.02%). 

There have been many reports concerning the possible effect of dietary 
cholesterol on serum cholesterol levels. In general these have described the 
effects of adding cholesterol to diets comprised of the usual variety of foodstuffs 
either in the form of foods high in cholesterol, such as egg yolk or butterfat, or of 
cholesterol itself. A few workers have reported significant increases following 
this treatment and some have indicated that when cholesterol was supplied in 
the form of egg yolk or similar foods it had a greater effect than when given in 
the crystalline form (17, 18). The interpretation of this work is, however, 
complicated by the relatively large increase in the proportion of calories 
supplied by fat when cholesterol was supplied in the form of egg yolk. Others 
have found no discernible effect due to the supplementation of rations with 
cholesterol (3, 6, 8). Some have performed dietary surveys and attempted to 
correlate dietary intake of cholesterol with serum levels. Keys ef al. (4), 
Gertler et al. (7), and Wilkinson et al. (5) have reported that there is no signifi- 
cant correlation whereas Gillum, Morgan, and Jerome (19) found that there is 
a positive correlation between these two variables. When one considers the 
inherent difficulties of estimating accurately the cholesterol intakes from a 
dietary history together with the fact that many other factors, including type of 
dietary fat, plant sterols, the thyroid gland, the sex glands, caloric balance, 
exercise, infection, kidney and liver disease, are well known to affect plasma 
lipid levels, it is not at all surprising that studies have failed to demonstrate 
a positive correlation between dietary cholesterol intake and serum cholesterol 
levels. Indeed it is remarkable that Gillum e¢ al. were successful in this 
regard. 

Although such studies are of value, they are no substitute for a controlled 
dietary study such as was performed here in order to establish whether or not 
dietary cholesterol has any effect on serum cholesterol levels. The more 
closely the well-established nutritional techniques used in the case of investiga- 
tions on experimental animals can be followed in work on man, the greater the 
probability that data permitting valid conclusions will be obtained. The 
advantages of using a formula ration over that comprised of the usual variety of 
foodstuffs to control fat, protein, and caloric intakes have been beautifully 
illustrated by Ahrens, Dole, and Blankenhorn (20). In the present instance 
the composition of the ration was maintained constant and only the cholesterol 
content was changed in the diets fed to groups 2 and 3, and to groups 4 and 5. 
The results obtained demonstrate unequivocally that dietary cholesterol can 
affect in a highly significant manner plasma cholesterol levels in man and that 
the response obtained depends upon the nature of the fat with which the sterol 
is associated. It is suggested that the relative lack of effect observed in 
previous experiments for dietary cholesterol by ourselves (9) and by other 








580 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 37, 1959 


investigators (3, 6, 8) may be attributable either to the inclusion of a hypo- 
cholesterolemic oil in the diet or to the fact that the cholesterol was added to 
a ration already containing an appreciable amount of this sterol. The former 
circumstance is readily understandable since it is only within the past few 
years that the hypocholesterolemic effect of certain vegetable oils has been 
discovered ; less readily understandable or justifiable, if one wishes to ascertain 
the effect of dietary cholesterol, is the addition of the sterol to a diet already 
containing some of this substance. It is quite possible for example that a 
relatively small amount of cholesterol added to a diet devoid of a hypocho- 
lesterolemic oil and containing no cholesterol produces just as great an effect as 
significantly larger amounts. In the event that the diet contained a hypo- 
cholesterolemic oil, dietary cholesterol would not be expected to exert an 
appreciable effect until added in such amounts as would be necessary to over- 
come the effect of such an oil. In agreement with this suggestion is the finding 
reported by Ahrens et al. (16), who gave increasing amounts of crystalline 
cholesterol to a patient on a formula diet containing corn oil. Significant 
elevations were observed only at the higher sterol intakes (4 and 8 g per day). 
In the light of the foregoing considerations it is suggested that the difference 
in serum lipid levels in populations differing in respect of type of fat customarily 
ingested may be at least in part attributable to the cholesterol content of 
the diet. The effect of other lipid components of the ration must, of course, 
also be kept in mind. 

The results obtained with the butterfat fractions are in sharp contrast with 
those found with the MCT preparations when fed alone (cf. group No. 6) and 
with added cholesterol (cf. group No. 7). In neither case did a significant 
change take place these being respectively 9.7 mg, 6.7%, P=.05-.1; and 
5.7 mg, 5.4%, P=.4-—.5. The fact that the addition of the supplementary 
cholesterol to the medium chain triglycerides had no effect was surprising but 
even more so was the complete lack of hypercholesterolemic effect of these 
preparations, which, it must be emphasized, were completely saturated. The 
absence of a hypercholesterolemic effect of these triglycerides is in agreement 
with the findings reported by Kaunitz, Slanetz, Johnson, and Babayan (21) 
and demonstrates unequivocally, as have results from other experiments we 
have previously reported (13, 14, 15), that factors other than the degree of 
saturation of a fat are of critical importance in determining the effect on plasma 
lipid levels. When coconut oil itself was consumed (cf. group No. 8) an 
increase in plasma cholesterol did occur which, although not of the same 
magnitude as that observed in the case of certain of the butter fractions, was 
significant (23.1 mg, 16.6%, P=0.025-0.05). Since the MCT preparations 
were not significantly hypercholesterolemic whereas the native coconut oil 
was, it is clear that a hypercholesterolemic substance or property was elimi- 
nated from the original oil at some stage during the preparation of the medium 
chain length triglycerides. Since the fatty acids on the glycerol moiety of 
the medium chain length triglycerides would be combined in a random manner 
compared to their form of combination in the original coconut oil, the pos- 
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sibility arises that the absence of a hypercholesterolemic effect might be due to 
the randomization of the fatty acid residues. If this were so, it would follow 
that the hypercholesterolemic effect of coconut oil might be attributable to 
the presence of triglycerides having certain types of fatty acids attached at 
specific sites on the glycerol moiety, i.e. alpha, beta, or alpha; positions. 

Again although a wide variety of possibilities may be advanced to explain 
the difference in effect of the butterfat fractions, R; and Re, it may be that the 
latter is more hypercholesterolemic due to the concentration of a certain 
specific type of triglyceride similar to that postulated as being responsible for 
the effect of coconut oil. This hypothesis is currently being tested. 

Of some interest are the exaggerated hypercholesterolemic responses of the 
two diabetic subjects referred to in the footnote ("') to Table II. Although this 
phenomenon may be explicable simply on the basis of biological variation it 
may very well be that this type of response is characteristic of diabetics in 
general. Further work will, of course, be required to test the validity of this 
suggestion. 
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DERIVATIVES OF HYDROXY-L-PROLINE! 


ERICH BAER AND R. JOHN STEDMAN 


Abstract 


N-Carbobenzoxy-hydroxy-L-proline benzyl ester has been obtained by treating 
N-carbobenzoxy-hydroxy-L-proline or its cyclohexylammonium salt with benzyl] 
chloride and triethylamine. 


During studies directed towards the synthesis of a phosphatidyl hydroxy- 
L-proline, it became necessary to prepare a derivative of the natural isomer* 
of the imino acid in which both the imino and the carboxyl functions were 
protected by groups that can be removed later without altering the structure 
of the phosphatide. N-Carbobenzoxy-hydroxy-L-proline benzyl ester (IV), 
whose protective groups are removable by catalytic hydrogenolysis, seemed to 
fulfill these requirements. The N-carbobenzoxy-hydroxy-L-proline (II), 
an intermediate in the preparation of IV, resisted crystallization for a long 
time (2). It was obtained recently, however, in crystalline form by Patchett 
and Witkop (1), and Grassmann and Wiinsch (3). We have now obtained 
two crystalline compounds of N-carbobenzoxy-hydroxy-L-proline, namely its 
cyclohexylammonium and S-benzyl thiuronium salts. The former has been 
found to be a useful derivative for the purification of the carbobenzoxy imino 
acid. The pure N-carbobenzoxy-hydroxy-L-proline or its cyclohexylam- 
monium salt were converted to the benzyl ester by treatment with benzyl 
chloride and triethylamine. This procedure, which avoids the preparation 
of the sodium salt of the imino acid, has been used by us for the synthesis of 
the benzyl ester of N-carbobenzoxy-L-serine (4), and has now been applied 
also to the preparation of the corresponding racemic compound. The stereo- 
chemical purity of the N-carbobenzoxy-hydroxy-L-proline benzyl ester, which 
was obtained as a viscous oil, was established by removing its protective groups 
by catalytic hydrogenolysis. The resulting hydroxy-L-proline possessed the 
accepted optical rotation. 

The preparation of p-nitrobenzyl esters then was studied in the hope of 
obtaining crystalline derivatives of N-substituted hydroxy-t-proline. In 
parallel experiments it was found that a crystalline p-nitrobenzyl ester of 
N-carbobenzoxy-DL-serine is obtained in good yield and in a state of high 
purity by treating the triethylammonium salt of N-carbobenzoxy-DL-serine, 
either in benzene or tetrahydrofuran solution, with p-nitrobenzyl bromide. 
Application of this procedure to either N-carbobenzoxy-hydroxy-L-proline or 
N-p-nitrobenzyloxycarbonyl-hydroxy-L-proline failed, however, to give crystal- 
line products. 


1Manuscript received December 12, 1958. 
Contribution from the Subdepartment of Synthetic Chemistry in Relation to Medical 


ar a Banting and Best Department of Medical Research, University of Toronto, Toronto, 
ntario. 


*Regarding the configuration at carbon atom 4 of the natural isomer of hydroxy-L-proline, 
see Patchett and Witkop (1). 
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The N-carbobenzoxy-hydroxy-L-proline benzyl ester should prove to be a 
useful intermediate in the preparation of a variety of O-substituted hydroxy- 
L-prolines. The synthesis of phosphatidyl hydroxy-prolines with N-carbo- 
benzoxy-hydroxy-L-proline benzyl ester as one of the intermediates has been 
accomplished in this laboratory, and will be reported elsewhere. 


Experimental 


N-Carbobenzoxy-Hydroxy-L-Proline Cyclohexylammonium Salt (I) 
Hydroxy-t-proline (6.65 g; 50 mmoles) was dissolved in 50 ml of water 
containing 5.0 g (50 mmoles) of potassium bicarbonate and 17.3 g (125 mmoles) 
of anhydrous potassium carbonate. The solution was cooled in ice, stirred, 
and 25 ml of acetone was added, followed by 9.80 g (57.5 mmoles) of carboben- 
zoxy chloride in small portions over a period of 30 minutes. Cooling and 
stirring were continued for a further 33 hours. The mixture was then diluted 
with water to a volume of 200 ml to dissolve suspended potassium bicarbonate, 
and the solution was extracted with three 100-ml portions of ether. The 
aqueous solution was cooled in ice, brought to a pH of < 2 with concentrated 
hydrochloric acid, and the oily material was extracted into three 120-ml 
portions of ethyl acetate. The combined extracts were evaporated under 
reduced pressure from a bath at 45°, and the residual gum was dried at 0.1 mm 
Hg for 30 minutes at 50°. The crude N-carbobenzoxy-hydroxy-L-proline, 
weighing 13.9 g, was dissolved in 50 ml of ethanol and treated with 6.65 ml 
(55 mmoles) of cyclohexylamine. The salt crystallized rapidly on the addition 
of 100 ml of ether, and was collected after storage for 2 hours at 0°. The 
N-carbobenzoxy-hydroxy-L-proline cyclohexylammonium salt weighed 16.6 g 
(91% of theoretical yield), m.p. 189°-190° (dec.). For analysis, it was twice 
recrystallized from ethanol-ether and dried at room temperature, m.p. 
191°-192° (dec.*). [al?} —43.9° in water (c, 5). Anal. Calc. for CisHxO;N2 
(364.5): C, 62.62; H, 7.75; N, 7.69. Found: C, 62.17; H, 7.71; N, 7.60. 


N-Carbobenzoxy-Hydroxy-L-Proline (II) 

The cyclohexylammonium salt of N-carbobenzoxy-hydroxy-L-proline (5.47 g, 
15 mmoles) was partitioned between 30 ml of 1 N hydrochloric acid and 50 ml 
of ethyl acetate, and the aqueous phase was re-extracted with two 30-ml 
portions of ethyl acetate. The combined ethyl acetate extracts were evapor- 
ated under reduced pressure from a bath at 50°, and the residual oil was dried 
at 75°-80° and 0.1 mm Hg pressure for 5 hours. The N-carbobenzoxy- 
hydroxy-L-proline, a clear colorless glass, weighed 3.78 g (95% of theoretical 
yield). [a]? —77.7° in absolute chloroform (c, 3). Reported (1) [a]?) —72.0° 
in chloroform. Anal. Calc. for Ci3H:s0;N (265.26): N, 5.28. Found: N, 5.27. 

The cyclohexylammonium salt of II was regenerated by treating 0.506 g 
(1.91 mmoles) of the vitreous N-carbobenzoxy-hydroxy-L-proline dissolved in 
3 ml of ethanol with 0.25 ml (10%) excess of cyclohexylamine. The addition 


*Melting points with decomposition were determined by putting the capillary containing 
the substance in a bath at 5° below the melting point, and raising the temperature 1°-2° per 
minute. 
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of 8 ml of ether caused a rapid crystallization of the salt, which was collected 
after storage for 3 hours at 0°. The salt was obtained in a yield of 77% 
(0.536 g); m.p. 189°-190° (dec.), undepressed by the admixture of analytical 
material. [a] —43.9° in water (c, 5). 


N-Carbobenzoxy-Hydroxy-L-Proline S-Benzyl Thiuronium Salt (III) 

Three millimoles (1.092 g) of the cyclohexylammonium salt of N-carbo- 
benzoxy-hydroxy-L-proline was dissolved in 5 ml of water, and to the solution 
was added 0.669 g (3.3 mmoles) of S-benzyl thiuronium chloride dissolved in 
5 ml of water. The crystalline product was collected after overnight storage 
at 0°, well washed first with ice-cold water, then with acetone, and dried in a 
vacuum at room temperature. The colorless, crystalline S-benzyl thiuronium 
salt of N-carbobenzoxy-hydroxy-L-proline was obtained in a yield of 86.0% 
(1.116 g), m.p. 184°-185° (dec.). Recrystallization from 50 parts of ethanol 
gave a material that melted from 188°-188.5° (dec.) [a] —36.0° in ethanol- 
water (1:1, v/v), (c, 1). Anal. Cale. for CeoiH2sOsN3S (431.5): C, 58.45; 
H, 5.84; N, 9.74. Found: C, 58.30; H, 5.92; N, 9.74. 


N-Carbobenzoxy-Hydroxy-L-Proline Benzyl Ester (IV) 

A mixture of 13.26 g (50 mmoles) of N-carbobenzoxy-hydroxy-L-proline (II), 
17.2 ml (150 mmoles) of benzyl chloride, and 10.5 ml (75 mmoles) of triethyl- 
amine was warmed on a bath at 75° until most of the glassy starting material 
had gone into solution (15 minutes) and the mixture started to become semi- 
solid. Then further portions of benzyl chloride (5.7 ml, 50 mmoles) and 
triethylamine (3.5 ml, 25 mmoles) were added, and the mixture was kept at 
75° for a further hour. The excess reagents were evaporated at 70° and 
0.1 mm Hg pressure. The residue was partitioned between 100 ml of 2 NV 
hydrochloric acid and 200 ml of ether, and the ethereal solution was washed 
with three 50-ml portions of 2 N hydrochloric acid, two 50-ml portions of 
water, three 50-ml portions of a 5% solution of sodium carbonate, and finally 
with three 50-ml portions of water. After drying over anhydrous sodium 
sulphate in the presence of a small amount of charcoal, the ethereal solution 
was evaporated under reduced pressure from a bath at 50°, and the remaining 
slightly yellowish oil was dried at 90°-100°, in a vacuum of 0.05 mm Hg for 
6 hours. The N-carbobenzoxy-hydroxy-L-proline benzyl ester weighed 
16.13 g (91% of theory). [a]7? —59.0° in absolute chloroform (c, 5). Anal. 
Calc. for Cop9H210;N (355.4): C, 67.59; H, 5.96; N, 3.94. Found: C, 67.26; 
H, 6.00; N, 3.95. 


Alternative Procedure for the Preparation of Compound IV 

A mixture of 3.64 g (10 mmoles) of N-carbobenzoxy-hydroxy-L-proline 
cyclohexylammonium salt (1), 4.6 ml (40 mmoles) of benzyl chloride, and 
1.4 ml (10 mmoles) of triethylamine was heated in an oil bath at 70°-75° for 
24 hours. The excess reagents were removed at 70° and 0.1 mm Hg pressure 
and the product was worked up as described above. The benzyl ester was 
obtained in a yield of 84% (2.98 g). [a] —58.1° in absolute chloroform 
(c, 5). Anal. Calc. for CopH210O;N (355.4): N, 3.94. Found: N, 3.87. 
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Catalytic Hydrogenolysis of N-Carbobenzoxy-Hydroxy-L-Proline Benzyl Ester 

A solution of 3.03 g (8.55 mmoles) of N-carbobenzoxy-hydroxy-L-proline 
benzyl ester and 2 ml of glacial acetic acid in a mixture of 60 ml of methanol 
and 30 ml of distilled water to which 200 mg of palladium black (5) had been 
added was shaken in an atmosphere of pure hydrogen* under an initial pressure 
of approximately 50 cm of water until the consumption of hydrogen ceased, 
about three hours being required. The hydrogenation was continued for a 
further hour. The catalyst was removed by filtration, washed with water, and 
the filtrate and washings were evaporated under reduced pressure from a bath 
at 45°. To the partially crystalline residue was added 25 ml of toluene, and 
the toluene was distilled off under reduced pressure. The toluene distillation 
was repeated four times, and the colorless powdery residue was dried to constant 
weight at 50° and 0.1 mm Hg of pressure. The hydroxy-L-proline weighed 
1.09 g (97.5% of theory). [a] —72.6° in water (c, 1.3). Recrystallization 
from aqueous ethanol gave hydroxy-L-proline in a yield of 80%. [elf —75.7° 
in water (c, 1.3). Reported [a]p —75.9° (6) and —76.3° (1). 


N-Carbobenzoxy-DL-Serine Benzyl Ester 

This compound was prepared from N-carbobenzoxy-DL-serine by treatment 
with triethylamine and benzyl chloride as has been described for the correspond- 
ing L-isomer (4). The yield of pure N-carbobenzoxy-DL-serine benzyl ester 
obtained after one recrystallization from carbon tetrachloride and petroleum 
ether (b.p. 30°-60°) was 88%, m.p. 74.0°-74.5°. Reported (7): 72.5°-73.5°. 
Anal. Calc. for CisHipO3N (329.3): N, 4.25. Found: 4.39. 


N-Carbobenzoxy-DL-Serine p-Nitrobenzyl Ester 

To a solution of 1.052 g (4.4 mmoles) of N-carbobenzoxy-DL-serine in 10 ml 
of anhydrous tetrahydrofuran were added 0.62 ml (4.4 mmoles) of triethylamine 
and 0.864 g (4.0 mmoles) of p-nitrobenzyl bromide, and the mixture was 
refluxed on a bath at 75°-80°, for 3 hours. The solvent was evaporated under 
reduced pressure, and the residue was partitioned between 50 ml of ethyl 
acetate and 25 ml of 1 N hydrochloric acid. The ethyl acetate phase was 
washed successively with two 25-ml portions of 1 N hydrochloric acid, 25 ml 
of water, three 25-ml portions of a 5% sodium bicarbonate solution, and 
finally with three 25-ml portions of water. After drying over magnesium 
sulphate, the ethyl acetate was evaporated under reduced pressure, and the 
crystalline residue was dried for 1 hour at 40° and 0.1 mm Hg pressure. This 
material, melting from 92°-93° and weighing 1.254 g (76% of theory), on 
recrystallization from 7 ml of benzene and drying in vacuo at 50° gave 1.158 g 
(92.4% of recovery) of N-carbobenzoxy-DL-serine p-nitrobenzyl ester, m.p. 
94.0°-94.5°. Anal. Calc. for CisHis07Ne (374.3): C, 57.75; H, 4.85; N, 7.49. 
Found: C, 57.96; H, 4.97; N, 7.51. 


*Electrolytically produced hydrogen was used. 
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ARGININE UPTAKE AND ARGINASE ACTIVITY 
IN EHRLICH ASCITES CARCINOMA CELLS! 


R. M. JOHNSTONE 


Abstract 


Anaerobic glycolysis in Ehrlich ascites tumor cells exposed to amino acids leads 
to an increased uptake of a number of the amino acids to levels comparable with 
those obtained under aerobic conditions. The arginine uptake in the cell is not 
increased by glucose. Anaerobically the arginase activity is inhibited when 
glucose is present. The inhibition appears to be the result of an increased 
retention in the cell of the ornithine produced by arginase activity. 


It has long been recognized that in mammalian tissues amino acids are 
present at higher concentrations in the tissues than in the plasma (1). In 
recent years the work of Gibson and Wiseman (2), Wiseman (3), and Frid- 
handler and Quastel (4) have shown that in rat and guinea pig intestine (2, 3, 4) 
there is transport of amino acids against a concentration gradient. The in 
vivo studies of Van Slyke and Meyer (1) and the in vitro aerobic incubation 
studies of Christensen et a/. (5, 6, 7) have shown that many types of mammalian 
cells build up higher intracellular concentrations of amino acids than those in 
the surrounding medium by removing the amino acids from the medium. 
Christensen et al. (5, 6) have shown that the Ehrlich ascites carcinoma cells 
have a marked ability to concentrate a wide variety of amino acids and that 
this ability is dependent on respiration. 

In the present work, the process of concentration of amino acids by Ehrlich 
ascites carcinoma cells under anaerobic conditions has been examined. Partic- 
ular attention has been paid to arginine, which appears to behave differently 
from the other amino acids examined. 


Materials and Methods 


Ehrlich ascites carcinoma cells were removed with a Pasteur pipette from 
mice bearing 7- to 10-day-old ascitic tumors. The cells were washed several 
times by centrifuging and suspending in normal saline. The packed cells were 
resuspended in seven volumes of Krebs—Henseleit—-Ringer (11) and 1 ml 
(about 12 mg dry weight of tissue) of this suspension was used in each vessel 
in a final volume of 3.0 ml. Incubations were carried out in the Warburg 
apparatus under standard manometric conditions. 

For anaerobic incubations the medium was Krebs—Henseleit—Ringer 
(Cat* free) containing 0.028 M NaHCO; and 0.007 M potassium phosphate 
pH 7.4. The gas phase was a mixture of 95% nitrogen and 5% CO, from 
which all oxygen had been removed. For aerobic conditions, the medium 
contained 0.01 M potassium phosphate buffer at pH 7.4, Krebs—Henseleit— 
Ringer, and the gas phase was air. 


‘Manuscript received September 24, 1958. 
Contribution from the McGill-Montreal General Hospital Research Institute, 3619 
University Street, Montreal, Que., Canada. 
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Determination of Intracellular Amino Acids 

After the incubation period, the reaction vessels were cooled and the incu- 
bation medium was removed by centrifugation. The packed cells were again 
centrifuged and the small amount of medium still remaining was removed by a 
Pasteur pipette, and the centrifuge tube wiped dry with filter paper. The 
method of extracting the cell contents depended on the assay method employed 
for determining the amino acids. 

For colorimetric estimation of amino acids (except arginine), the method of 
Frame, Russell, and Wilhelmi (8) as modified by Russell (9) was used. The 
cells were extracted with 3 ml of 1.7% trichloroacetic acid, and an aliquot was 
used for colorimetric assay. 

Arginine was extracted from the cells by heating for 10 minutes in a boiling 
water bath with 3 ml 0.3 M acetate buffer at pH 5.0. The arginine content was 
then estimated by the Sakaguchi reaction as modified by Dubnoff (10). 

Radioactive amino acids were determined by extracting the cells with 80% 
ethanol, and plating and counting an aliquot of this extract. With the 
exception of arginine, the radioactive amino acids used were labelled with C™ 
in the carboxyl group. The arginine used was uniformly labelled with C™. 
Radioactive amino acids were obtained from Atomic Energy of Canada Ltd. 


Determination of Arginase Activity 

Arginase activity was determined by estimation of the urea produced during 
the incubation period. In all experiments with arginine 0.0016 M Mnt* 
was present since it was found to stimulate the arginase activity. After 
incubation, the vessel contents were cooled and acidified with 0.5 ml of 3 N 
acetate buffer at pH 5 and the urea present was estimated by the method of 
Krebs and Henseleit (11). 


Chromatography 

For chromatographic estimation of radioactive arginine and ornithine, the 
ethanol extracts were taken down to dryness and resuspended in a small volume 
of water. All the material was placed on Whatman filter paper No. 3 mm and 
subjected to two-dimensional chromatography. The solvents used were 
secondary butanol, 90% formic acid, and water (700: 110: 180) for the first 
dimension and phenol—water-ammonia (1 lb phenol (crystals), 110 ml water, 
1.7 ml conc. NH,OH) in the second dimension. The papers were dried, dipped 
in a 0.02% solution of ninhydrin in acetone, and dried again. All ninhydrin- 
positive areas were counted directly on the paper. Perpendicular lines were 
drawn through the center of intensity of the ninhydrin spots and the papers 
placed beneath a Geiger probe so that the center of the spot was directly 
underneath the end window of the probe. A Geiger—Mueller mica end- 
window tube with the Tracerlab scaler was used. 

Since the arginine used was uniformly labelled with C™, the loss of activity 
due to reaction with ninhydrin represented a small portion of the total activity. 


Preparation of Cell-free Extracts 
Cell-free preparations of Ehrlich ascites cells were prepared by diluting 
washed, packed cells with 3 times their volume of a solution containing 
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0.09 M KCl, 0.08 M nicotinamide, 0.012 M MgCle, and 0.01 M NaHCO. 
The cell suspension was ground in a Teflon homogenizer for 5 minutes in the 
cold. Microscopic examination showed that very few whole cells remained 
after this period of homogenization. Unless otherwise stated in the text, 
0.5 ml of the whole homogenate was used in each reaction vessel. 
_ To obtain high rates of glycolysis in homogenates, the preparations were 
fortified with 0.27 millimolar adenosine triphosphate (ATP) and 0.13 millimolar 
diphosphopyridine nucleotide (DPN).* 


Results 


Effect of Glycolysis on Arginase Activity 

Many authors have reported the presence of arginase activity in a wide 
variety of tumors (12). In many, but not all, preparations of the Ehrlich 
ascites carcinoma cells there is appreciable arginase activity. The results of 
a typical experiment in Table I show that during anaerobic glycolysis 
arginase activity is substantially decreased. Glucose itself has no effect on 
arginase activity. Thus, as shown in Table I when glycolysis is inhibited by 
iodoacetate, the inhibition of arginase activity is not observed. Furthermore, 
the enzyme arginase is not directly affected by the glycolytic process. Results 
in Table II show that in extracts of these cells, which possess both high arginase 
and high glycolytic activities, there is no inhibition of arginase during active 
glycolysis. Other glycolyzable sugars, such as fructose and mannose, also 
bring about an inhibition of arginase activity, but sugars such as galactose, 
sorbose, and inositol which are not readily metabolized anaerobically are 
without effect (Table III). 


TABLE I 
Effect of glycolysis on arginase activity (intact Ehrlich ascites carcinoma cells) 











Additions umoles urea/hr Cs 
Arginine 12.8 0 
Arginine +glucose 5.8 43.5 
Arginine +iodoacetate 12.5 0.0 
Arginine +glucose +iodoacetate 13.1 0.0 





Note: L-Arginine 20 mM; glucose 20 mM; iodoacetate 10 mM. 
Incubated 1 hour at 37°C in 95% N2/5% COs. 
Medium as described in Meth 


TABLE II 
Effect of glycolysis on arginase activity in extracts and intact ascites cells 











- umoles CO./hr 
Additions umoles urea/hr (glycolytic) 
Extract: arginine 25.0 2.7 
arginine +glucose 28.6 20.4 
Cells: arginine 43.2 1.0 
arginine +glucose 5.0 17.2 





Note: Conditions as in Table I. : 
*Both ATP and DPN were purchased from Nutritional Biochemical Corporation. 
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Since arginase has little activity at pH 6 but an optimum activity about 
pH 9.5 (13), the possibility exists that the inhibition by glycolysis is due to a 
decreased pH inside the cell. A number of experiments, however, indicate that 











TABLE III 
Effect of carbohydrates on glycolysis and urea production from arginine 
Additions ul CO,/hr (glycolytic) umoles urea/hr 
Expt. I: Nil 20 8.4 
Glucose 335 3.5 
Fructose 336 5.8 
Galactose 60 7.0 
Sorbose 20 8.7 
Inositol 20 9.0 
Arabinose 30 : 
Expt. II: Nil 50.5 17.0 
Glucose 530.0 10.5 
Sodium pyruvate 66.2 Pe 
Mannose 348 12.0 





Note: Carbohydrate concentration, 20 mM. 
L-Arginine = 20 mM. 
Gas phase = 95% N2/5% CO: at 37° C. 
a fall in pH cannot be considered the chief cause of the inhibition, although it 
may be a contributing factor. 

If the pH drop inside the cell is a major factor involved in the inhibition, 
it must be concluded that the internal medium of the cell does not equilibrate 
rapidly with the bicarbonate buffer of the medium. If there is rapid equi- 
libration, the enzymic activity in extracts should be as sensitive to a fall in pH 
due to glycolysis as the intact cell preparation. The results quoted in Table II 
show that during rapid glycolysis in extracts of these cells there is no inhibition 
of arginase activity. Therefore, either the cell does not equilibrate rapidly 
with the medium or the fall in pH is not the chief cause of the inhibition. 

If it is assumed that the internal cell medium does not equilibrate rapidly 
with the external medium, it should be possible to show that cells that have 
glycolyzed for a period of time and hence have a lower internal pH, have a 
lowered arginase activity. To obtain cells with a lowered internal pH, they 
were allowed to glycolyze for 30-60 minutes. Arginine and iodoacetate (to 
inhibit further glycolysis) were then added and the arginase activity was 
estimated. Cells without glucose, but similarly preincubated, were used as 
controls. The results quoted in Table IV show that the arginase activity was 
not affected by this treatment. Thus, if glycolysis under these conditions does 
decrease the intracellular pH, it is insufficient to affect the arginase activity. 

It has been shown by Clowes and Ketch (14) that 2,4-dinitrocresol stimulates 
aerobic and anaerobic glycolysis in these cells. In the present experiments, 
2,4-dinitrophenol (DNP) was used with the same results. If the arginase 
activity is inhibited by the drop in pH, the increased rate of glycolysis in 
presence of DNP should bring about a further drop in arginase activity pro- 
vided, of course, that glucose alone has not brought about a maximum drop 
in pH. It is unlikely that a maximum drop in internal pH occurs in the initial 
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TABLE IV 
Effect of preincubation with glucose on subsequent arginase activity 











Preincubation Subsequent urea production, 
+glucose Time umoles urea/hr 
- 30 12.8 
+ 30 11.0 
- 45 13.5 
5 45 12.6 
+ 60 14.8 
- 60 13.8 





Note: Glucose concentration, 20 mM. 
Iodoacetate (20 —_ added in with arginine in all vessels after given preincubation time. 
L-Arginine = 20 m 
Gas phase = 95% NyS% CO: at 37° C. 


stages of glycolysis (15-30 minutes incubation). Therefore, an increased rate 
of glycolysis during this time would be expected to lower the internal pH 
further and result in a greater inhibition of arginase activity. The typical 
results quoted in Table V show that, in spite of an increased glycolysis, there is 
no further inhibition of arginase activity. Therefore it appears that factors 
other than pH are responsible for the decreased arginase activity. 


TABLE V 
Effect of DNP and glucose on rate of arginine hydrolysis 











umoles CO, 

Additions Time (glycolytic) umoles urea 
Arginine 15 2.8 2.9 
Arginine +glucose 15 8.5 1.9 
Arginine +glucose+ DNP 15 11.7 :S 
Arginine 30 3.0 a8 
Arginine +glucose 30 14.6 3.6 
Arginine+glucose-+DNP 30 22.5 4.3 
Arginine 60 Le | 14.0 
Arginine +glucose 60 25.8 8.1 
Arginine+glucose-+ DNP 60 39.2 8.4 





MOTs: Giecose, 20 mal, 
Gas phase = 95% NuS% CO2. 

Intracellular Amino Acid Concentrations 

It was therefore decided to examine the effect of glucose under anaerobic 
conditions on the extent of concentration of a variety of amino acids by these 
cells, as a decrease in the cell arginine might result in a decreased arginase 
activity. Christensen ef a/. (5) reported that, under aerobic conditions, glucose 
somewhat diminished the uptake of glycine by these cells. Using C'-labelled 
glycine and alanine and estimating intracellular radioactivity, the typical 
results quoted in Table VI show that glucose elevates the glycine and alanine 
level in cells incubated in a medium containing these amino acids. The 
concentration of these amino acids is more than ten times higher in the cells 
than in the external medium at the end of the incubation period. In the 
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absence of glucose, the amino acid level in the cells is considerably less than in 
the presence of glucose. Christensen et al. (5, 6) have reported that with 
alanine and glycine, a 7- to 12-fold concentration can be obtained in Ehrlich 
ascites carcinoma cells under aerobic conditions. In Table VI the intra- 
cellular levels of alanine attained aerobically and anaerobically are compared. 
The results clearly indicate that, under appropriate conditions, some amino 
acids can be concentrated as well anaerobically as under aerobic conditions. 
Aerobically the addition of glucose to the system had no effect. Using a 
colorimetric method to assay amino acids, the data quoted in Table VII show 
that the stimulatory effect of glucose anaerobically can also be obtained with 
lysine, ornithine, and alanine. Using C'- or S*-labelled amino acids, pre- 
liminary experiments indicate that under anaerobic conditions a wide variety 
of amino acids, e.g. leucine, valine, phenylalanine, serine, and methionine are 
also taken up into the cell to a greater extent in the presence of glucose. 
Furthermore, at equilibrium, valine, phenylalanine, serine, and methionine 
are present in the cell at concentrations several times those of the incubation 


TABLE VI 
Uptake of alanine and glycine aerobically and anaerobically 








Ratio of intracellular/extracellular 
conc. of amino acid 





Additions Gas phase (umoles per ml water) 
Expt. I: Glycine N./COz 2s 
Glycine +glucose N./CO2 12.0 
Alanine N./COz 4.5 
Alanine +glucose N,/CO» 11.5 
Expt. II: Alanine N2/CO2 3.0 
Alanine +glucose N:/CO; 10.4 
Alanine O2 9.2 





Note: Glycine concentration, 2 mM. 

L-Alanine, H , Expt. I. 

3 mM, Expt. II. 

Glucose, 20 mM. 

The incubation medium for aerobic and anaerobic conditions as described in Methods. C!* carboxyl 
labelled glycine and dl-alanine u 

Incubation 1 hour at 37° Cc. Dry weight of cells=15 mg. 

Cell water determination: (dry weight/wet weight) = 1/5. 

Therefore cell water volume is the volume equivalent to 4Xdry weight. 

Hence 15 mg dry weight = 75 mg wet weight and cell water equivalent to 60 mg or 0.06 ml. 
medium. However, the results in Table VII show that the intracellular 
concentration of arginine is decreased in the presence of glucose. The extent 
of inhibition is small (20%), but the point of interest is that the direction of 
the effect is opposite to that observed with all the other amino acids examined, 
including the other basic amino acids, lysine and ornithine. 

Among the amino acids examined, arginine is the only one rapidly converted 
to another amino acid, ornithine, under these experimental conditions. The 
average arginase activity based on numerous experiments, and expressed as 
urea production, is 2 micromoles per mg dry weight per hour. However, there 
is wide variation in the arginase activities of different cell preparations, some 
having considerably higher activities while other preparations are practically 


devoid of arginase activity. 
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TABLE VII 
Stimulation of amino acid uptake by glucose anaerobically 








umoles amino acid 
per ml cell water 





Glucose Optical (after correction 
Amino acid added (+) density for endogenous control) 

Expt. I: Nil — At 425 mp 0.145 

Nil am 0.210 

L-Alanine = 0.220 14.0 

L-Alanine + 0.360 28.0 

L-Lysine _ 0.233 11.0 

L-Lysine + 0.375 20.0 

L-Ornithine _- 0.226 11.0 

L-Ornithine + 0.338 18.0 
Expt. II: Nil _ At 525 mp 0.08 

Nil + 0.09 

L-Arginine _ 0.307 12.3 

L-Arginine + 0.266 10.2 





Note: All amino acids=15 mM. Incubation time =1 hour at 37° C in 95% N2/5% COz. Glucose concentra- 
tion, 20 mM. Amino acids (except arginine) were determined by the method of Frame ef al. (8, 9). Arginine 
was determined by the Sakaguchi method (10). 

In the experiments described, the cells possessed arginase activity and, 
therefore, when considering the effect of glucose on the arginine level in the cell, 
the sum of arginine and ornithine in the cell should be taken into account. 
Arginine uniformly labelled with C“ was used in these experiments. The cells 
were extracted and chromatographed as described under Methods. A portion 
of the ethanol extract of the cell was plated and counted prior to chromato- 
graphy to determine the total radioactive amino acid in the cell. After 
chromatography, the radioactivity of the spots corresponding to arginine and 
ornithine was counted to determine the relative amounts (arginine/ornithine 
ratio) of these amino acids in the cell. All ninhydrin-positive areas on the 
filter paper were counted but radioactivity was present only in those areas 
corresponding to arginine and ornithine. The spots corresponding to arginine 
and ornithine appeared only when arginine was added to the incubation 
medium. From the total activity in the cell and the arginine/ornithine ratios, 
the activities of the arginine and the ornithine were calculated. The results 
quoted in Table VIII show that glucose has practically no effect on the total 
radioactivity present in the cell. However, the arginine/ornithine ratio in 
the cell is appreciably affected. The arginine concentration is decreased and 
the ornithine increased, the decrease being the same order of magnitude as 
that described in Table VII using a colorimetric assay for arginine. In the 
experiment quoted in Table VIII the ratio of arginine to ornithine in the cell 
decreased from 0.87 to 0.54 on addition of glucose. Since ornithine is a 
competitive inhibitor of arginase (15) an increase in the concentration of 
ornithine relative to arginine would decrease the arginase activity. Experi- 
ments have shown that inhibitions of 50-60% are obtained in extracts of these 
cells when the initial ornithine concentration is twice that of the arginine. 
This inhibition is the same as that observed in the experiments described in 
Table VIII when the ornithine concentration in the cell is twice that of the 
arginine. 
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TABLE VIII 


Effect of glucose on arginine/ornithine distribution in ascites cells 








pumoles amino acid 








Total activity per ml cell water Ratio arginine/ »umoles 
in cells, ornithine urea 
Additions c.p.m. Arginine Ornithine (intracellular) produced 
Arginine 1380 4.5 5.2 0.87 6.3 
Arginine +glucose 1560 4.0 10.0 0.54 ae | 
Arginine +glucose 
+arsenite 1600 aa 3.7 z.4 2.5 





Note: L-Arginine 6.7 millimolar uniformly labelled with C'*, activity 16 10% c.p.m. per 6.7 micromoles. 
p-Glucose = 20 mM. 


Incubation = 40 minutes at 37° C in 95% N2/5% CO 


The effect of glucose on the increased uptake of certain amino acids has 
already been described. The results obtained with arginine indicate that at 
the end of the experimental period, cells incubated in a medium containing 
glucose have an appreciably higher ornithine concentration than do cells 
incubated in the absence of glucose. This effect may be the result of a de- 
creased rate of efflux of ornithine from the cells or an increased rate of reabsorp- 
tion of ornithine in the presence of glucose. From these experiments it is 
difficult to differentiate between the two mechanisms. 

The extent to which ornithine produced in the cell can be retained by the 
cells can be calculated from the data in Table VIII using the following informa- 
tion: 

(1) As essentially all the arginine and ornithine in the cell comes from the 
added arginine, the specific activities of these two amino acids are known. 

(2) At the end of the incubation period, the amount of ornithine present is 
known from the urea production. The amount of arginine present at the end 
of the incubation period is the difference between arginine added at the 
beginning of the experiments and the urea formed during the incubation period. 

(3) The total intracellular radioactivity and the intracellular ratios of 
arginine and ornithine are known, and the intracellular concentrations of 
arginine and ornithine can be calculated. 

The results of these calculations show that, in the absence of glucose, the 
ornithine concentration in the cell at the end of the incubation period is twice 
that of the medium. When glucose is present, the ornithine concentration in 
the cell is more than ten times that of the medium. The data of Christensen 
et al. (6) and the results of the present experiments indicate that when ornithine 
is added to the incubation medium, the concentration in the cell is about 
two to three times that of the medium. 

Similar calculations can be applied to arginine. With this amino acid, 
however, there is a negligible effect of glucose on its concentration in the cells 
relative to the medium. Even when arsenite is added to inhibit the arginase 
activity, there is no concentration of arginine by the cells. The data in 
Tables VIII and IX show the intracellular/extracellular ratios, and the intra- 
cellular concentrations, of arginine and ornithine under the different experi- 











JOHNSTONE: CARCINOMA CELLS 597 


mental conditions. These data indicate that the cell preferentially retains 
ornithine, and does not concentrate arginine. 


TABLE IX 


Effect of glucose on the distribution of arginine and ornithine 
between ascites cells and medium* 








Ratio of intracellular/extracellular conc., 
umoles per ml water 











Additions Arginine Ornithine 
Arginine 1 2.4 
Arginine +glucose 0.67 10.0 
Arginine +glucose +arsenite 1.25 7.4 





~ *Conditions as in Table VIII. 


The mechanism of inhibition of arginase activity in the presence of glucose is 
therefore likely to be the result of an increased ornithine concentration in the 
cell relative to the arginine concentration. 


Discussion 


When Ehrlich ascites carcinoma cells are exposed to amino acids the cellular 
level of arginine, unlike that of a number of other amino acids examined, does 
not increase when glucose is added under anaerobic conditions. In fact, the 
arginine concentration in the cell is somewhat decreased under anaerobic 
conditions when a source of energy, such as glucose, is added. This decrease in 
the intracellular arginine concentration appears to be the result of arginase 
activity, as the results have shown that when arsenite is added to decrease the 
arginase activity, no diminution of the intracellular arginine concentration 
takes place. However, even under the influence of arsenite these cells do not 
build up high intracellular arginine concentrations relative to the arginine 
concentration of the incubating medium, in contrast to the results obtained 
with glycine and alanine. With glycine and alanine concentrations several 
times (7 to 12) that of the medium are obtained intracellularly. In the 
present experiments, intracellular arginine concentrations of 1.2—1.3 times that 
of the medium have been obtained on addition of glucose when the arginase 
activity is inhibited by arsenite. 

Although it has been reported (5) that there is no marked concentration of 
ornithine by these cells, the results of the present experiments indicate that 
high intracellular ornithine concentrations, relative to those in the incubating 
medium, can be obtained under anaerobic conditions if arginine is added as a 
source of intracellular ornithine and a source of anaerobic energy, such as that 
provided by glucose breakdown, is provided. Although urea production, and 
therefore ornithine production, is decreased in the presence of glucose, the 
intracellular ornithine concentration is increased. It appears that glucose 
markedly affects the distribution of ornithine between the cells and the 
medium. 
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The inhibition of arginase activity under conditions of active glycolysis 
appears to be the result of a competitive inhibition of the enzyme by the orni- 
thine produced, although other factors, such as a fall in the internal pH 
of the cell, may contribute to it. In the experiments with glucose, the arginine 
concentration in the medium at the end of the incubation period is appreciably 
higher than the ornithine concentration. None the less, in the intracellular 
medium ornithine is the predominant amino acid. It would appear that 
anaerobically, under the influence of glucose, a major portion of the ornithine 
produced from arginine is retained by these cells. 
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a-AMINO-n-BUTYRIC ACID IN TRANSAMINATION! 


G. Y. N. IYER AND M. SUKUMARAN 


Abstract 


The transamination reaction between a-amino-n-butyric acid and a-keto- 
glutarate or pyruvate or oxaloacetate in the presence of homogenates of rat 
kidney, liver, heart, and skeletal muscle has been studied. Direct evidence is 
presented for transamination with a-ketoglutarate in the presence of the first 
three tissues and with pyruvate in the presence of kidney and liver. Appreciable 
amounts of alanine are formed in the course of transamination with oxaloacetate. 
Of the four tissues the liver appears to be quantitatively the most important by 
virtue of its mass and relatively high specific transaminase activity. 


Introduction 


The literature does not contain many reports concerning the participation 
of a-amino-n-butyric acid (ABA) in transamination reactions. Probably the 
only instance of the direct demonstration of such a reaction is the observation 
by Cammarata and Cohen (1) that in presence of heart muscle ABA transamin- 
ates with a-ketoglutarate. As regards the activity of other tissues and the 
participation of keto acids other than a-ketoglutaric, little seems to be known. 

It has been found (Iyer, unpublished) that ABA intraperitoneally injected 
into rats (40 mg/kg body weight) disappears from the blood within 3 hours. 
It appeared to be of interest to study how the amino acid gets catabolized and 
in which tissues the catabolism takes place. In this connection the trans- 
amination reaction between ABA and a-ketoglutarate or pyruvate or oxalo- 
acetate in the presence of homogenates of rat heart, kidney, liver, and skeletal 
muscle has been studied as a possible pathway, and the results are presented in 
this communication. 

As this work progressed it was felt that a knowledge of the distribution of 
the enzymes glutamic—pyruvic and glutamic—oxaloacetic transaminase would 
be helpful in interpreting some of the results and hence this aspect has also 
been studied. 


‘ 


Materials and Methods 
1. Reagents 
(i) Phosphate buffer 0.1 M, pH 7.3, prepared from Na:HPO, and 
KH2PO,. 
(ii) ABA 0.1 M: DL-a-amino-n-butyric acid dissolved in phosphate buffer. 
(iii) a-Ketoglutarate 0.1 M: a-ketoglutaric acid dissolved in phosphate 


buffer, pH adjusted to 7.3 with 1 N sodium hydroxide and volume 
made up with buffer. 

(iv) Pyruvate 0.1 M: the required amount of pyruvic acid (predetermined 
by titration with standard alkali) dissolved in buffer and pH adjusted 
to 7.3 with 1 N sodium hydroxide and volume made up with buffer. 


1Manuscript received November 3, 1958. 
Contribution from the Department of Biochemistry, Medical College, Trivandrum, India. 


Can. J. Biochem. Physiol. Vol. 37 (1959) 
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(v) Glutamate 0.1 M: prepared as in the case of a-ketoglutaric acid, using 
the DL-amino acid. 


(vi) Oxaloacetate 0.1 M: prepared exactly as in the case of a-ketoglutarate. 
2. Tissue Homogenates 

Healthy adult albino rats were used. The animal, after an overnight fast, 
was decapitated and the fresh organs (liver, kidney, heart, and gastrocnemius 
muscle) were dissected out. After being pressed between the folds of a filter 
paper the tissues were weighed and ground up with 0.1 M phosphate buffer 
(5 ml/g of tissue). During the grinding, the mortar was kept cold with ice. 
The resulting homogenates were used as such. 


3. Study of Transaminase Activity 

The method of studying transaminase activity was similar to the one adopted 
by Rowsell (2). The procedure consisted in incubating the tissue homogenate 
with ABA and the keto acid in question (a-ketoglutarate or pyruvate or 
oxaloacetate) followed by the estimation of the amino acid formed (glutamic 
acid or alanine or aspartic acid respectively) using paper chromatography. 
Simultaneously a ‘control’ experiment was also carried out whereby corrections 
could be applied for the amino acid formed from the keto acid, by reactions other 
than transamination with added ABA. 

The experiments were carried out in 25-ml volumetric flasks. Each flask 
contained 3 ml of phosphate buffer, 1 ml of tissue homogenate under study, 
and 0.5 ml of a-ketoglutarate or pyruvate or oxaloacetate. For each tissue 
and keto acid a ‘test’ and a ‘control’ experiment were performed. In the 
‘test’ 0.5 ml of the amino acid solution was added at the beginning of the 
incubation whereas in the ‘control’ the amino acid was added at the end of the 
incubation. The mixture was incubated at 38° C for 3 hours with the flasks 
stoppered. The glutamic acid or alanine or aspartic acid formed in the ‘test’ 
under these conditions in excess of the ‘control’ would be a measure of the 
transaminase activity of the tissue. 

After the incubation 10 ml of acetone was added and thoroughly mixed with 
the contents of the flasks. The precipitated protein was removed by centri- 
fugation. The protein-free extracts were analyzed for glutamic acid or alanine 
or aspartic acid content by the ninhydrin colorimetric method (3) after paper 
chromatographic separation. The amino acid resolution was effected by 
one-dimensional chromatography first with phenol-ethanol—water (water- 
saturated phenol: ethanol =1: 1 v/v) and then with water-saturated phenol. 

Aliquots of protein-free extracts 60 cu. mm, were used for amino acid estima- 
tion and the amount of amino acid formed by transamination was calculated 
from the difference between the respective ‘test’ and ‘control’. 

The glutamic—pyruvic transaminase activities of the tissues were assayed 
similarly using glutamate and pyruvate as reactants. 


Results and Discussion 


The results are summarized in Table I and the salient observations pertaining 
to the transaminase systems studied are discussed in the text. 











IYER AND SUKUMARAN: TRANSAMINATION 601 


TABLE I 


ABA-a-ketoglutaric/pyruvic/oxaloacetic transaminase 
activity of some rat tissues 








Amino acid formed (umoles/g of fresh tissue/hr) 
by transamination of ABA with: 








Expt. a-Ketoglutarate Pyruvate Oxaloacetate 
Tissue No. (glutamic acid) (alanine) (alanine) (aspartic acid) 
Liver 1 | 3.4 5.8 0.2 
2 7.2 4.6 5.4 0.7 
3 10.3 3.2 5.6 0.4 
4 13.0 §.2 6.3 0.3 
Kidney 1 3.0 7.3 10.5 0.2 
2 ee 10.8 9.6 0.1 
3 1.3 15.2 17.4 0.2 
4 1.6 9.7 9.3 0.2 
Heart muscle 1 BF 0.4 0.4 2 
2 3.4 4.4 0.2 2.0 
3 2.5 0.7 0.0 1.0 
Skeletal muscle 1 0.8 0.4 0.2 0.5 
2 1.3 0.2 1.1 0.2 
3 0.4 0.8 0.4 0.6 





a-Amino-n-butyric-a-ketoglutaric Transaminase 


Of the four tissues studied, the liver, kidney, and heart muscle possess 
appreciable transaminase activity whereas skeletal muscle possesses only 
feeble activity. The demonstration of transaminase activity in the case of 
heart muscle is in conformity with the observation of Cammarata and 
Cohen (1). 

The transamination of ABA with a-ketoglutarate followed by the action of 
glutamic dehydrogenase, present in the liver and kidney, may well be an 
important pathway in the metabolic disposal of the amino acid. 


a-Aminobutyric—pyruvic Transaminase 


Apparently the transfer of amino group to pyruvate takes place to an 
appreciable extent only in the presence of kidney and liver homogenates; 
the heart and skeletal muscle show poor transaminase activity. Two possible 
courses may be postulated for this reaction analogous to those proposed for 
the aspartic-pyruvic transaminase system (4): 


| (direct transfer reaction): 
ABA+ pyruvic acid = a-ketobutyric acid +alanine 


Il (mediated by glutamic acid which in effect couples two transaminase 
systems): 
Pyruvic acid+glutamic acid = alanine+a-ketoglutaric acid 
ABA+a-ketoglutaric acid = glutamic acid+a-ketobutyric acid 


ABA+ pyruvic acid = alanine+a-ketobutyric acid 
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It cannot be stated at present which of the two courses the transamination 
between ABA and pyruvate follows without studies on the purified enzyme. 
But some indirect evidence can be adduced in favor of the direct transfer of 
amino group to pyruvate. An important finding in this connection is that 
appreciable ABA-pyruvic transaminase activity is seen only in the case of 
liver and kidney homogenates while the heart and skeletal muscle show com- 
paratively feeble activity. If the transamination is mediated by glutamate 
i.e., if it follows course II, the reason for the low activity of the heart and skeletal 
muscle may be either (i) low rate of transamination between the pairs 
glutamate—pyruvate and ABA-a-ketoglutarate, or (ii) low concentration of 
glutamate in the tissue to start with. In the case of the heart muscle it is 
found that both types of transamination mentioned in (i) take place (Tables | 
and II) and in fact the glutamate—pyruvate activity of the heart, while com- 
parable to that of the liver, far exceeds the activity of the kidney. Further, 
the concentration of glutamic acid in heart muscle is considerably higher than 
that in the liver although it is lower than that in the kidney (Table II). Hence 
the fact that heart muscle shows only low ABA-pyruvate activity may possibly 
be attributed to the low activity of the transaminase enzyme which brings 
about the direct transfer reaction. 

TABLE II 


ABA-pyruvic transaminase activity of rat tissues in relation to glutamic-pyruvic 
transaminase activity and free glutamic acid concentration 











Specific transaminase activity 
(umoles alanine formed/g of 








Free glutamic tissue/hr) 
acid content, - —- 
Expt. umoles/g of Glutamic- ABA- 
Tissue No. fresh tissue pyruvic pyruvic 
Liver 1 2.5 20.8 a2 
2 1.4 pe 4.6 
3 1.7 aise 5.4 
Kidney 1 8.4 2.3 9.7 
4 15.3 2.6 10.8 
3 12.9 4.0 15.2 
Heart muscle 1 ee | 14.6 0.4 
F aa 18.0 eT 
3 a2 21.2 0.7 





Another fact to be taken into account is the observation that, in the presence 
of kidney homogenates, more alanine is formed during incubation with ABA 
and pyruvate than with glutamate and pyruvate. If glutamate—pyruvate 
transamination were an intermediate step in the formation of alanine from 
ABA and pyruvate, then the formation of larger amounts of alanine with the 
ABA-pyruvate system compared with the glutamate-pyruvate system could 
not be explained. This finding is again in favor of the direct transfer of amino 
group to pyruvate. 

In this connection it may be recalled that Rowsell (2) has reported evidence 
for the presence in rat liver of one or more transaminases capable of transferring 
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the amino group of various amino acids to pyruvate without the intervention of 
glutamate. Also Quastel and Witty (5) have demonstrated the transamina- 
tion between ornithine and pyruvate catalyzed by kidney and liver prepara- 
tions. 


a-Aminobutyric—Oxaloacetic Transaminase 


As a result of the activity of this enzyme one should expect the formation 
of asparticacid. Only in the case of heart muscle is a little aspartic acid formed. 

With liver and kidney, however, appreciable amounts of alanine are formed, 
instead of aspartic acid. Rowsell (2) has reported that in transamination 
reactions in which oxaloacetate is the amino acceptor, some alanine is formed. 
As suggested by this author the oxaloacetate possibly undergoes @-decarboxyla- 
tion to give pyruvate; the pyruvate then transaminates with ABA to give 
alanine. It is of interest that the formation of alanine is observed in the 
presence of homogenates of those tissues, viz. liver and kidney, which exhibit 
ABA-pyruvate transaminase activity. 

However, it has been noted that, in a number of instances, incubation of 
ABA with oxaloacetate in the presence of liver and kidney tissue yielded larger 
amounts of alanine than in incubations with pyruvate (Table III). But, when 
glutamic acid was used in place of ABA, the amount of alanine formed from 
oxaloacetate has always been found to be less than from pyruvate. 

TABLE III 
Alanine formation in the transamination of ABA/glutamate with oxaloacetate/pyruvate 








Alanine formed (umoles/g of tissue/hr) 
by transamination between: 





ABA Glutamate 
ABA and Glutamate and 
Expt. and oxalo- and oxalo- Ratio Ratio Ratio 


Tissue No. pyruvate acetate pyruvate acetate (4)/(3) (6)/(5) (8)/(7) 
(1) (2) (3) (4) (S) (6) (7) (8) (9) 





Liver 1 5.2 6.3 20.8 19.0 1.21 0.91 1.33 
z 4.6 5.4 21.2 16.8 1.18 0.79 1.50 
3 | 5.6 21.5 18.0 1.10 0.84 1.31 
4 3.4 5.1 22.2 15.4 1.50 0.70 2.15 
Kidney 1 a7 9.3 2.3 0.90 0.94 0.39 2.41 
2 10.8 9.6 2.6 1.2 0.89 0.46 1.94 
3 13.2 17.4 4.0 1.4 1.14 0.35 3.26 
4 7.3 5 2.1 1.1 1.44 0.52 2.77 


10. 





A striking observation is that the ratio of the amount of alanine formed in 
incubations with oxaloacetate to that formed in incubations with pyruvate is 
appreciably higher when ABA is used as the amino donor than when glutamate 
is used. Whether all these findings could be adequately explained by the 
pathway postulated by Rowsell (2) is being investigated. 

A possible explanation for the non-appearance of aspartic acid when liver or 
kidney homogenates are incubated with ABA and oxaloacetate is that the 
aspartic acid formed may transaminate with the pyruvate (obtained by 
decarboxylation of oxaloacetate) to give alanine. This, however, is rendered 
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improbable by the observation that appreciable amounts of aspartic acid are 

formed on incubation of glutamate with oxaloacetate in the presence of the 

same liver and kidney preparations. Therefore, one has to infer that aspartic 
acid formation by transamination between ABA and oxaloacetate does not 
take place to any appreciable extent. 

The following conclusions emerge. 

(i) Of the three systems studied, viz. ABA-a-ketoglutarate, ABA-pyruvate, 
and ABA-oxaloacetate, the last one does not seem to be important. 

(ii) The specific activity of the liver in regard to the ABA-a-ketoglutarate 
system exceeds that of the ABA-pyruvate system; in the case of the 
kidney the latter system is comparatively more active. 

(iii) Of the four tissues studied, the liver and the kidney are the ones potentially 
important in the transaminative disposal of ABA. Taking into considera- 
tion the absolute mass of these two tissues in the body (liver 7-9 and 
kidney 1.5—2 g) of the adult rat, the importance of the liver in the metabolic 
disposal of the amino acid becomes still further manifest. This may have 


a bearing on the rise in plasma ABA levels observed in diseases of the liver 
in man (6). 
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FUNCTIONS OF THE UTRICULAR MACULA. A PRELIMINARY REPORT! 





WALTER H. JOHNSON AND BRYDON SMITH 


The specific functions of the separate components of the non-auditory 
membranous labyrinth in the head have never been clearly determined. 
This is especially true of the otolithic receptors, the uncertainty here being 
due to the difficulty of a direct approach to the separate divisions of the 
vestibular nerve, these being particularly inaccessible in the more highly 
developed animals. Using the frog as an experimental animal, Tait and 
McNally (1) were able to section the utricular branch of the vestibular nerve 
without disturbing the remainder of the labyrinth. Wittmaack (2, 3, 4) studied 
guinea pigs in which the otoliths were torn loose and rendered non-functional 
by centrifuging the animals at 2000 r.p.m. Magnus and de Kleyn (5, 6) used 
the same procedure and agreed that the macula of the utricle is a sensory 
organ which gives information regarding the position of the head in space. 
Versteegh (7) showed that inactivation of this part of the organ of balance and 
“‘Kopfdrehung” toward the operated side occurred after unilateral partial 
severance of the utricular nerve in a rabbit. Although the above investiga- 
tions constitute significant contributions to an understanding of the action of 
the utricular macula, a true appreciation of its action is impossible without 
complete bilateral nerve section in the absence of damage to the other com- 
ponents of the non-auditory membranous labyrinth. It is the object of this 
preliminary note to report the successful completion of such a procedure in 
the cat. 

Exposure was made of the delicate non-auditory membranous labyrinth 
located in the petrous part of the temporal bone in such a way as to enable 
direct visual observation of the utricle and saccule under microscopic examina- 
tion. Using sterile techniques, a preauricular incision with ligation of the 
superficial temporal artery was carried out. The temporal muscle was pulled 
upwards away from the external ear canal and the latter was transected at the 
tympanic annulus. The drum was incised and the incus dislocated. This 
was followed by removal of the drum, incus, and malleus. The stapes lying 
in its recess was preserved. The facial nerve was next ablated in its tympanic 
segment. Using suction and irrigation with Lamp’s solution* (isotonic with 
perilymph), the vestibule was entered using the magnification of a Zeiss 
Opton microscope (X16). Under these conditions the nerve to the utricle 
can be seen as a dense band covered by thin bone at the caudal and anterior 
portion of this structure where it leaves the bone and sends fibrils in a spray 
fashion into the macula utriculi. The nerve branch was then divided in its 
vertical portion leaving the macula denervated. Any bone chips and foreign 


1PCC No. D50-93-10-71. DRML No. 222-34. 
*Sodium chloride, 9.4 g; sucrose, 6.1 g; distilled water to 1000 ml. 


Can. J. Biochem. Physiol. Vol. 37 (1959) 
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bodies were carefully removed from the region. A large piece of gelatin 
sponge (‘‘Gelfoam’’) was placed over the operative defect. To ensure closure, 
the external auditory canal was sewn to the temporal muscle, thereby com- 
pletely blocking this structure in order to prevent subsequent infection. 

Left utricular nerve section was performed in these laboratories in July 
1957 followed by right utricular nerve section 5 months later. The animal 
is in good health over one year later. Preliminary findings with this cat 
indicate the importance of the utricular macula as a static sense organ control- 
ling the position of the head and movements of the limbs and trunk to main- 
tain equilibrium. When the operation was confined to one side, the obvious 
changes from normal were eye deviations, head tilted to one side, and unequal 
muscle tone involving corresponding skeletal muscles of the left and right 
sides in regard to movement of the neck, trunk, and limbs. When the second 
(bilateral) nerve section was completed, the animal walked in a broad base 
fashion and managed to progress satisfactorily from place to place. Suddenly 
imposed movements induced by pushing the animal quickly sideways, how- 
ever, could not always be compensated for rapidly. Inverting the cat and 
dropping it in this position demonstrated its dependence on the sense of vision. 
With eyes open it would land on its feet consistently. When blindfolded, it 
always landed on its back without making any attempts to right itself. 

This animal has also been exposed to gravity-free states, i.e., its reactions 
were studied under weightlessness produced by parabolic flights involving jet 
aircraft. Moving pictures (both slow motion and normal speed) have been 
made in order to record the responses of the animal both during normal 
gravity and under weightlessness. 

A full account of the findings will be published in a separate article. 
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NOTE ON THE EFFECT OF AGE ON ADENOHYPOPHYSIAL 
ACTH CONCENTRATION IN THE RAT* 


Se. eee 


CLAUDE FORTIER 


In the course of experiments in which the effects of environmental changes 
on rat adenohypophysial ACTH concentration were studied against time over 
long periods, it became necessary to assess the influence of age on this variant. 


*This investigation was supported as research grant (B-959) from the Institute of Neuro- 
a Diseases and Blindness of the National Institutes of Health, Public Health Service, 
.5. A. 
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Method 


Previously acclimatized male Sprague-Dawley rats from a homogeneous 
group were killed by decapitation at various time intervals between the 39th 
(140-145 g, B.W.) and the 150th (445-450 g, B.W.) day of age. Three 
adenohypophyses, from rats of nearly identical age (within 3 to 4 days) and 
body weight (within 5 g), were pooled per sample. The 0.1 N HCl extracts 
(1) were stored at —25° C, and assayed 2 days later, against U.S.P. Reference 
Standard Corticotropin, by the in vitro technique of Saffran and Schally (2). 


Results 


As shown in Fig. 1, the concentration of ACTH in the adenohypophysis 
of the intact rat is not significantly related to age, somatic or glandular growth 
over the range studied. 
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Fic. 1. Relationship of adenohypophysial ACTH concentration to age and somatic 
and glandular growth in intact male rats. Black dots grouped around free-hand curve 
correspond to adenohypophysial weight, white dots, to ACTH concentration. The 
standard errors (Sm’s) of the assays are indicated by T-shaped bars. 
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NOTE ON THE EXTRACTION AND STORAGE OF THE RAT PITUITARY 
PRIOR TO IN VITRO ASSAY FOR ACTH* 


CLAUDE FORTIER 


Birmingham ef al. (1) recently reported that, on the basis of comparative 
assays by the in vitro method of Saffran and Schally (2), a modified glacial 
acetic acid extraction procedure yielded about five times as much ACTH 
activity as extraction with dilute (0.01 NV) HCl. Moreover, the values found 
with dilute HCl extraction tended to increase with time of storage of the 
extract in the refrigerator. In view of the utilization by other groups (3-5) 
of 0.1 N, instead of 0.01 N, HCl for pituitary ACTH extraction, it appeared 
of interest to assess the respective yields of the 0.1 N HCl and modified glacial 
acetic acid procedures, as well as the effect of storage on 0.1 N HCl extracts. 


Methods 


On four separate occasions, the adenohypophyses from two adult male 
Sprague-Dawley rats, killed by decapitation, were quickly removed from the 
skull, separated from the neural lobe, wiped clean of blood, and cut in half. 
The two halves of each gland, weighed to the nearest 0.05 mg, were respec- 
tively extracted by the hydrochloric acid and modified glacial acetic acid 
procedures. In the first instance, the pooled half glands from the two donors 
were ground with a glass rod and a few grains of sand in a 15-ml conical 
centrifuge tube containing 0.2 ml of 0.1 N HCl. After 30 minutes at room 
temperature, the stoppered extract was stored at —25° C. On day of assay, 
the sample was thawed, adjusted to .01 normality and allowed to stand for 
2 hours following which the clear supernatant was aspirated with a bulbed 
pipette. The second pair of half glands was extracted with glacial acetic 
acid, according to the modified procedure suggested by Birmingham et al. (1). 
After a uniform period (4 days) of storage, the extracts were concurrently 
assayed against U.S.P. Reference Standard Corticotropin by the in vitro 
technique of Saffran and Schally (2). 

In a complementary experiment, 0.1 N HCl-extracted samples (one gland 
per sample) from rats of two different shipments (A and B) were assayed by 
the same technique after 2, 4, 8, 16, and 32 days of storage at 2° and —25° C. 


*This investigation was supported by a research grant (B-959) from the Institute of Neuro- 
logical Diseases and Blindness of the National Institutes of Health, Public Health Service, 
U. S.A. 
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The results, computed and tested for validity by means of Bliss’ methods 
for factorial analysis and analysis of variance (6), were expressed as milliunits 
(mU) of ACTH per mg of fresh pituitary tissue, with confidence limits (antilog 
C?M + CtSm) for odds of 19 in 20. Equal emphasis was placed on the internal 
(within assays) and external (between assays) variances of the combined 
estimates (unweighted logarithmic means) by computing their standard 
errors (S.E.) from the averages of the crude and unweighted Sm’s (6). 


Results and Discussion 


Average yields of 52 mU/mg for extraction with 0.01 N HCl, and of 241 
mU/mg for extraction with the modified glacial acetic acid procedure, were 
reported by Birmingham ef al. (1). In contrast with these findings, identical 
yields (Table I) were obtained with the two methods presently considered. 


TABLE I 


Comparative yields of the hydrochloric acid and modified glacial acetic acid 
procedures for extracting rat adenohypophysial ACTH 








Method of extraction 











HCl, 0.1 NV Modified glacial acetic acid procedure 
ACTH permg 95% confidence Indexof ACTHpermg 95% confidence Index of 
fresh tissue limits precision fresh tissue limits precision 
Sample (mU) (mU) (A) (mU) (mU) (A) 
A 69.5 64.4-87.6 0.051 72.8 14.4-125.6 0.126 
B 99.8 66.8-178.9 0.086 65.9 45.4-94.8 0.077 
ie 71.6 41.7-152.1 0.116 116.3 68.8-251.9 0.109 
D 74.3 53.4-108.5 0.072 74.4 44.7-137.0 0.107 
Mean + S.E. 78.0+6.2 80.3+9.0 





Our values, however, were markedly inferior to those obtained by the McGill 
group with their modified glacial acetic acid extraction. Using the latter 
method, Kitay et al. (7) found an average concentration of 63+12 mU/mg in 
intact rats of the Sherman strain. This value, which is in good agreement 
with ours, represents but 25% of the concentration reported by Birmingham 
et al. (1). It is difficult to account for this discrepancy, unless it is assumed 
that the strain of rat (unspecified) used by Birmingham et al. (1) has a markedly 
higher pituitary ACTH concentration than the Sprague-Dawley and Sherman 
strains respectively used by us and by Kitay et al. (7). It would appear, 
furthermore, that 0.1 N is superior to 0.01 N HCl as an extraction medium. 
In contrast with the reported increase in ACTH activity of 0.01 N HCl- 
extracted pituitaries over a 10-day period of storage (1) no significant altera- 
tion of activity was observed to result from the storage of 0.1 N HCl extracts 
for 32 days at 2° or —25° C (Table II). 

In this (Table II, A vs. B) as in later (Table III, A vs. B—F) experiments, 
it became apparent that pituitary ACTH concentration, though fairly uniform 
within a given population or shipment, is liable to differ appreciably between 











610 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 37, 1959 


shipments, in spite of previous acclimatization (7-10 days) of the animals to 
laboratory conditions. 


TABLE II 
Effects of duration and temperature of storage on pituitary ACTH activity 








Duration of ACTH per mg 95% confidence _ Index of 








storage fresh tissue limits precision 
Shipment Temperature (days) (mU) (mU) (A) 
A rh 2 42.4 22.0- 76.6 0.126 
70.4 40.6-252.5 0.136 
4 39.4 21.3- 62.7 0.102 
34.7 19.9- 50.6 0.082 
8 42.3 15.0-104.1 0.158 
16 49.7 25.6-104.9 0.117 
32 46.1 16.6-111.8 0.158 
—25°C 2 54.3 40.4- 72.2 0.062 
48.3 15.6-113.5 0.160 
4 78.0 41.3-129.9 0.089 
80.1 49.2-171.3 0.109 
8 58.3 30.6-147.7 0.136 
16 52.0 25.9- 94.6 0.121 
32 50.1 29.0- 88.9 0.108 
B i sa ® 2 91.4 61.7-150.1 0.114 
4 109.2 62.8-270.3 0.125 
8 86.7 54.6-161.3 0.100 
16 59.6 34.5-105.6 0.109 
32 104.1 62.3-218.2 0.113 
—25°C 2 82.9 49.2-168.1 0.114 
4 99.7 50.9-277.1 0.143 
8 104.7 62.6-207.2 0.111 
16 116.1 74.4-239.6 0.098 
32 ae | 55.4-104.8 0.066 
TABLE III 


Pituitary ACTH concentration in adult male Sprague-Dawley rats of different shipments 











ACTH per mg Index of 

Number of fresh tissue (mU), precision (A), 

Shipment assays mean + S.E. mean + S.E. 
A 18 40.6+1.7 0.105 +0.009 

B 7 70.$+7.9 0.110+0.012 

c 9 77.345.6 0.093 +0.014 

D 6 65.24+7.2 0.100 +0.020 

E 7 84.0+7.9 0.120+0.015 

F 14 80.5+5.8 0.095 +0.009 





In conclusion: (1) 0.1 N HCl extraction, which is simpler than the modified 
glacial acetic acid procedure recommended by Birmingham et al. (1) appears 
to be equally effective; (2) the relative lack of uniformity of the pituitary 
ACTH concentration of rats from different shipments makes it advisable to 
carry out and control each experiment with animals from the same shipment. 
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